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RENAL FUNCTION IN LEAD POISONING 


BY 
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(Received January 23, 1952) 


Structural changes in the kidneys of animals poisoned by lead, notably enlarge- 
ment and tubular degeneration, have been described frequently (Ophiils, 1915; 
Dilling and Haworth, 1929; Finner and Calvery, 1939; Fairhall and Miller, 1941; 
and others). The work of Fairhall and Miller (1941) suggests that the changes 
are at least partially reversible. Changes in function have been investigated less 
thoroughly. Albuminuria has been observed experimentally (Rambousek, 1909; 
Sumegi and Putnoky, 1939) and clinically (see Cantarow and Trumper, 1944, p. 94, 
for references), and Chiodi and Sammartino (1947) have described an increase in 
the effective tubular mass as estimated by the diodone clearance. The present 
work was performed in order to obtain further information about the changes in 
renal function which occur after the administration of lead salts. 


METHODS 


Albino rats, of initial weight about 250 g., were used. Eight females were used in a 
pilot experiment and thirty males in the main study. The rats were divided into two groups 
by taking alternate rats for each group. One group received lead acetate and the other 
sodium acetate by stomach tube. Initially, a dose of 35 mg. Pb (0.33 M.equiv.) per 100 g. 
as lead acetate was given three times a week, and an equivalent dose of sodium acetate 
was given to the control group; after 63 days (total 9.0 M.equiv./100 g.) these doses were 
increased fourfold and continued for a further 72 days. Eighty-nine days after the last 
dose of lead, dimercaprol was given to four rats of the group treated with lead; the dose 
used was 4 mg. (0.064 M.equiv.)/100 g., freshly dissolved in 0.9 per cent (w/v) sodium 
chloride solution, and it was injected intraperitoneally twice daily for five successive days. 
The four remaining animals in the same group were given control injections of sodium 
chloride solution. 


Creatinine and p-aminohippurate clearances 


Creatinine clearances were used as estimates of glomerular filtration rate, and p-amino- 
hippurate (PAH) clearances at high plasma concentrations as an index of tubular excretory 
mass (7mpan). A neutralized solution containing 4 per cent creatinine hydrochloride 
and 6 per cent PAH was injected subcutaneously. The dose given was 1.7 ml./100 g., 
and of this about half was injected into each flank. In order to ensure an adequate flow 
of urine during the collecting period, the rats were hydrated with 3 ml. of warm tap water 
per 100 g. body weight by stomach tube, 15 minutes before the injection of the clearance 
solution. Urine was collected for a period of 30 minutes, beginning 15 minutes after the 
injection of the clearance mixture; each rat was placed in a glass funnel from which urine 
drained into a graduated tube. At the beginning of the collecting period, the rats were 
stimulated to empty their bladders by blowing ether vapour at them. A single sample 
of 0.5 to 1.0 ml. blood was taken from the tail of each rat at the end of the collecting period. 
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Clotting was prevented with solid heparin. Creatinine concentrations in urine and in 
protein-free plasma were determined by Peters’s modification (1942) of the alkaline picrate 
method. p-Aminohippurate concentrations were estimated and calculated by the method 
described by Goldring and Chasis (1944), based on the Bratton and Marshall reaction, 
in which method plasma proteins are precipitated with cadmium sulphate. 


Measurement of arterial blood pressure 

The systolic blood pressure was measured indirectly by the plethysmographic method 
of Byrom and Wilson (1938), using a modification of the apparatus, in which the plethysmo- 
graph and occluding cuff were incorporated in a single unit, ensuring a more satisfactory 
seal than the soft soap gland originally used. Since the slightest movement of the tail is 
transmitted to the water column whose sudden rise marks the end-point of the measurement, 
blood pressures were measured in the rats during light ether anaesthesia, just deep enough 
to allow two successive readings to be made before the righting reflex returned. 


RESULTS 

General condition 

The animals in the group receiving lead continued to increase in weight while 
the lower dose was used, and after 63 days at this level of dosing, in which a total 
of 0.93 g. Pb was given per 100 g. body weight, the only evidence of absorption of 
lead was a raised porphyrin excretion in the urine of rats in this group. Increased 
porphyrin excretion has long been recognized as a feature of lead poisoning, and 
its appearance as the earliest clinical symptom in chronic lead poisoning was demon- 
strated by de Langen and ten Berg (1948) in human volunteer subjects. On the 
increased dose of lead, the rats became pale, and their haematocrits decreased. 
In a small number, a sharp fall in weight, accompanied by diarrhoea and a further 
fall in haematocrit, were observed. None of the rats died of lead poisoning, and 
after 72 days at this increased level of dosing, in which a further 4.2 g. Pb per 100 g. 
was given, dosing was discontinued. 


Anatomical changes 
Twelve rats, six from each group, were killed during the period of dosing for 
comparison of organ weights and for histological examination of the kidneys. 


TABLE I 


INCREASE IN THE FRESH WEIGHT OF SOME ORGANS IN ADULT MALE RATS TREATED WITH LEAD 
FOR 135-152 DAYS 














| | 
No. | Mean Fresh weight in g. per 100 g. body weight + S.E. 
Group | of | ™t. (adrenals in mg. per 100 g.) 
ts | m | - — : 
os g. Kidneys Liver Heart Spleen Lungs Adrenals 
Lead _ 4 263 1.332 4.59 0.323 0.289 0.412 18.5 
acetate . | 40.079 +0.18 +0.010 +0.025 +0.007 +1.6 
Sodium 4 290 0.762 3.34 0.286 0.227 0.406 16.2 
acetate +0.033 +0.19 +0.011 +0.017 +0.020 +0.7 
Significance of the in- t 6.3 4.51 2.43 1.95 0.26 1.27 
crease in organ weights* P <0.001 | <0.01 50.05 <0.1 50.8 <0.3 





*Smaller differences in the same direction were observed in the organ weights of two pairs of fema'e rats killed 
84 days after the first dose of lead. 
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These rats were killed in sets containing two treated and two control animals, one 
set 84 days after, the second 135 days after, and the third 152 days after the first 
dose of lead. The only gross differences in the two groups post mortem were the 
| pale anaemic appearance of the viscera of the leaded animals, the blackness of 
the faecal material in their recta and colons, the enlargement of their kidneys, and, 
| in the last four lead-treated animals, some enlargement of their livers. The fresh 
weights of the principal organs are given in Table I. The differences between the 
mean kidney weights in the two groups, and between the mean liver weights, are 
both highly significant. The mean weights of the hearts, adrenals, and spleens also 
showed a tendency to enlargement of these organs in the lead-poisoned rats, but 
only in the hearts are the differences significant. Similar, but slighter, changes 
were observed in two pairs of female rats killed after 84 days’ exposure to lead. 


Pathology of the kidneys 


Early stage.—After lead-treatment for 84 days the kidneys were diffusely enlarged, 
but microscopic examination revealed little change. The tubules in the lower 
two-thirds of the cortex often showed some degree of epithelial swelling, the cyto- 
| plasm being unevenly vacuolated while the nuclei in the more severely affected 
tubules were in stages of karyolysis. These tubules appeared, for the most part, 
to be the descending parts of the first convoluted tubules in Henle’s loops. The 
second convoluted tubules were sometimes similarly affected. No further changes 
were observed at this stage. 


Later stage-—At 135 and 152 days the histological changes were advanced and 
similar at both periods of time. The glomeruli and blood vessels were normal. 
Severe degeneration of the tubules was evident, principally in the deep cortex 
towards the boundary zone. The first convoluted tubules were not obviously 
affected, but their straight portions forming the proximal limbs of loops of Henle 
were often grossly altered (Fig. 1). Stages of degeneration, even necrosis involving 











a OR ~ 4 ; 
<i a > Pee ‘ py Ae we 
Fic. 1.—Kidney of rat killed after 135 days’ exposure to Fic. 2.—Kidney of the same rat as Fig. 1. Dilated 
lead. Loops of Henle, to show irregularity of second convoluted tubules with regenerating epi- 
tubular epithelium, disparity in size of nuclei, and thelium. Mitoses indicated by arrows. H. and E., 


small granules (dark) of refractile material in lumen x 290. 
of central tubule. H. and E., x 275. 
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short strips of epithelium, were associated with evidence of regeneration (mitoses). 
The lumina contained desquamated cells and debris. The cells were sometimes 
heaped up upon one another in a disorderly fashion so that the lumen was indistinct. 
From the loss of eosinophilia in these cells in addition to the other abnormal features 
it was often impossible to determine which part of the loop of Henle was involved. 
The nuclei of these cells were often abnormally large, and some contained eosinophil 
inclusions of Cowdry’s type B. 

The second convoluted tubules were often similarly altered. In places they were 
greatly dilated, with a flattened regenerating epithelium (Fig. 2). Both in these 
cortical parts of the nephron and also in collecting tubules there were frequently 
groups of small, brightly refractile yellowish concretions of apparently inorganic 
deposits. The smallest of these sometimes occupied the cytoplasm of the epithelial 
cells; the larger, which were often concentrically laminated, lay in the lumina. 
The possibility that these contained lead was tested by fixing the kidney in Regaud’s 
fluid, but no specific yellow coloration was obtained. By von Kossa’s silver nitrate 
method they were negative for calcium. 

No changes were found in the interstitial tissue apart from focal infiltration 
with small lymphocytes in relation to the most damaged tubules. 


Blood pressure 

The blood pressures of thirteen rats in each of the two treatment groups were 
measured at intervals during the experiment, twice before giving the first dose of 
lead and six times during the period of giving lead.. The last set of measurements 
was taken 115 days after the first dose was given and 127 days after the first set of 
measurements. Table II gives the means and standard deviations of both groups 


TABLE Il 
BLOOD PRESSURE OF RATS TREATED WITH LEAD ACETATE 





Mean and standard deviation of the arterial blood pressures, 








Group Number in mm. Hg ~ 
of of _- 
rats animals Before Days from first dose 
treatment 3 15 30 49 74 115 
Lead acetate 13, | «116 112 114 122 119 126 117 112 
+11.5 +7.1 | +19.1 | +15.6 + 18.3 +99 +13.66  +11.7 
Sodium 13 113 109 120 123 125 126 115 119 
acetate +10.3 +12.5 +74 +10.5 + 13.5 $14.7 +15.3 +9.4 





of thirteen rats on each of the eight occasions that blood pressures were measured in 
the complete groups. The mean blood pressures rose slightly in both groups, 
from the average value before treatment of 115 mm. to 126 mm. by the 49th day 
of dosing. This increase was statistically significant (t—3.56, P<0.01), but it was 
seen in both groups, and there was no appreciable difference in the rate of increase 
in the two groups. It was therefore a non-specific effect, possibly due to handling 
or other parts of the experimental procedure. The pressure did not rise further, 
and after another 66 days of treatment the mean blood pressures were returning 
towards their original levels. 
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Days from first dose of lead or sodium acetate 


T T T T T T T T FiG. 3.—Creatinine clearances in 
0 28 56 84 2 140 168 196 rats before, during, and after 
administration of lead acetate, 
and in controls which received 
sodium acetate. Ordinates: 
Creatinine clearance ml./100 g./ 
min. Abscissae: Days from 
first dose of lead or sodium 
acetate. @ Group of rats 
treated with lead acetate. O 
Group of rats treated with 
aaa sodium acetate. Each point 
represents the mean and S.E. of 
estimations on 9-13 rats during 
the period indicated by the 
corresponding bracket on the 
abscissa. The solid black area 
represents the dose of lead 
acetate per week, and the period 
in which it was given. 
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during, and after administration 3 
of lead acetate, and in controls = 
which received sodium acetate. € 
Ordinates: Tmp4y mg./100 g./ 
min. Abscissae: Days from (Eo 


first dose of lead or sodium 
acetate. Symbols as in Fig. 3. 
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Estimations of creatinine and p-aminohippurate clearances 

Simultaneous creatinine and PAH clearances were estimated for each rat before 
giving lead, at intervals during both early and late phases of the period of dosing, 
and in the recovery period. In the earliest estimations, four rats were used in 
each experiment; in the later ones, six or eight were handled together, but in every 
one equal numbers of rats were taken from each group, each lead-poisoned rat 
being allotted a corresponding control rat for the whole series of observations. 
For each group, mean values have been calculated of those estimates made during 
each of the four periods, and the results are summarized in Figs. 3 and 4. 


Creatinine clearances.—Before treatment with lead or sodium acetate the mean 
creatinine clearances of the two groups of twelve rats were 0.964 ml./100 g./min. and 
1.029 ml./100 g./min. respectively. Subsequent estimates made while and after 
the animals were exposed to lead or sodium acetate were all lower (Fig. 3), but 
there was no systematic difference between the two groups and at no time was the 
difference between the two groups significant. These values were generally higher 
than those found in the literature (Smith, 1951). The reasons for this discrepancy 
are not certainly known, but since the control and lead-poisoned animals reacted 
similarly throughout, and since the negative results obtained are consistent with 
all the other available evidence that lead does not interfere with normal glomerular 
function, the matter has not been explored further. 

After the 5-day course of dimercaprol, the mean creatinine clearance of four 
rats from the lead-treated group had risen to 0.941+0.137 (S.D.). The treatment 
with dimercaprol, however, produced no significant effect on creatinine clearances, 
since in the remaining four rats of the same group at that time the mean clearance 
value was 0.848+0.234 (S.D.). Unfortunately, animals of the control group which 
had received no lead were not examined at the same time. 


PAH clearances.—In the control group, the tubular excretory mass was rela- 
tively constant throughout the series of experiments (Fig. 4); no significant differences 
were seen in the mean values estimated at intervals during, and after, treatment 
with sodium acetate. When lead acetate was given to the other group, the 7m,,, 
value increased. By the end of the period of exposure to lead, the mean 7m,,, 
was 21 per cent higher than its original value; the difference at this time between 
the mean 7m,,, of the group treated with lead acetate and that treated with sodium 
acetate was highly significant (P<0.01). When the treatment with lead was dis- 
continued, the increase in 7m,,, was not maintained. After 55-71 days without 
lead, although the mean 7m,,, in the lead-poisoned group was still higher than 
in the control group (P<0.01), the increase over the initial value was already approxi- 
mately halved. This return to the original tubular excretory mass appeared to 
be complete in the four rats examined 100 days after the last dose of lead; their 
mean 7m,,, was then 0.584+0.058 (S.D.). Treatment with dimercaprol of the 
remaining four rats of the lead-poisoned group led to a more marked fall in 7m,,,, ; 
the mean for these animals 100 days after the last dose of lead was 0.526+0.063. 


Changes in water diuresis 

The water reabsorbing capacity of the tubules in water diuresis, and in response 
to vasopressin, was not examined in the rats of this series until the end of the period 
of treatment with lead. The results are reported separately and are included in 
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a more detailed examination of these functions in a further series of lead-poisoned 
rats (Pardoe and Weatherall, 1952). 


DISCUSSION 


The kidneys in this series of lead-poisoned rats showed histological changes 
essentially similar to those reported for this species by earlier workers, i.e., the 
blood vessels in the organ, and the glomeruli, appeared to be normal, while there 
was evidence of damage to the tubular cells, particularly in the proximal limb of 
the loop of Henle, and in the distal convoluted tubules. Comparable changes 
were seen in functional activity; no hypertension or change in the glomerular 
filtration rate was detected, but there was an increase in tubular excretory capacity. 

Where histological lesions have been examined in rats’ kidneys in experimental 
lead poisoning the blood vessels in the organ have been found undamaged, even 
when hypertension was reported (e.g., Diaz-Rivera and Horn, 1945). The integrity 
of the vascular supply of the kidney in chronic lead poisoning is confirmed in this 
limited study, but the hypertension observed by Griffith and Lindauer (1944) and 
by Diaz-Rivera and Horn (1945) was not reproduced, even after four months, 
poisoning. Since these authors do not report the blood pressures of any control 
animals during the course of their experiments, it is impossible to assess from their 
figures how far the recorded rise is attributable to the administration of lead rather 
than to, e.g., handling of the animals. The relevance of changes produced by 
experimental procedure alone is suggested by the results in this series, where a 
small rise in blood pressure was seen after seven weeks’ dosing, in both the lead- 
treated group and the control group. Some increase in weight of the heart was 
seen after chronic lead poisoning, but this appeared to be part of a generalized 
splanchnomegaly, as similar increases were found in the weights of the kidneys, 
liver, adrenals, and, in a later study (Pardoe and Weatherall, 1952), the alimentary 
canal. 

After five months’ continuous exposure to lead, no structural changes were 
observed in the glomeruli. This was consistent with the absence of an effect of 
lead on the creatinine clearance throughout this period. The method of measure- 
ment of creatinine clearance was not sufficiently sensitive to detect small differences 
in function, but was adequate to show that there was no serious impairment of 
filtration. 

Tubular excretory activity of the kidneys, estimated as 7m,,,, increased while 
lead was being administered to the rats. This extends the observation by Chiodi 
and Sammartino (1947) that, after removal of one kidney in rats, treatment with 
lead causes an exceptional increase in the tubular excretory mass of the remaining 
kidney, measured by diodone clearance. The reversibility of the change in tubular 
excretory function is shown by the fact that when administration of lead was dis- 
continued the 7m,,, value slowly returned to the pretreatment level. When 
this recovery was already well established, treatment with dimercaprol appeared 
to accelerate the process. However, the number of animals available for this study 
was small, and the treatment was given too late to warrant a more definite conclusion 
to be drawn from this indication. 

It is not clear whether the increased Tm,,, in lead poisoning was produced by 
an increased capacity of the transport mechanism in the existing tubular cells, or 
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by an increase in the number of functioning cells. Associated with the increase 
in tubular excretory function was an increase in the weight of kidneys. This increase 
in kidney weight in lead-poisoned rats is a consistent finding, and applies to both 
the wet and the dry weights. It is an early response of the organ to lead, as the 
increase in kidney weight reported by Chiodi and Sammartino appeared after only 
nine days’ poisoning, and it has been found in acute lead poisoning in rats (Pardoe 
and Weatherall, 1952). The change in weight, like the change in tubular function, 
is reversible. The significance of the increase in kidney size, weight, and tubular 
function is difficult to assess; the change in weight, at least, has been shown by 
Chiodi and Sammartino to occur in adrenalectomized and hypophysectomized 
rats. Increase in kidney weight in the present chronically lead-poisoned rats was 
associated with a general increase in weight of several visceral organs, and may 
be the result of a less specific effect of lead on tissues. 


Eosinophil inclusion bodies, which were seen in the nuclei of some of the renal 
tubular cells of the lead-poisoned rats, have been described before by Blackman 
(1936) in children and sometimes in experimental animals, and also by Dalldorf 
and Williams (1945) in rats. Despite their similarity to those found in virus infec- 
tions, they are apparently not transmissible (Dalldorf and Williams, 1945), and 
their significance is doubtful. 


No further information was obtained on the composition of the concretions 
seen in some of the cells and lying in the lumina of the tubules (Fig. 1). They 
resemble those described before in lead-poisoned rats by Diaz-Rivera and Horn 
(1945) and Eger (1937). Their appearance suggested that they were mineral, but 
they did not contain either calcium or lead. They were not seen in the kidneys 
of the rats killed after 84 days’ exposure to lead, and as these kidneys were already 
enlarged it is unlikely that the concretions contributed to the changes in structure 
or function. 


The segments of the kidney tubules which show the most marked histological 
changes after lead were the proximal limb of the loop of Henle and the distal 
convoluted tubules. Since the micropuncture studies of Walker, Bott, Oliver, and 
MacDowell (1941) have shown that tubular fluid in the proximal tubule is still in 
osmotic equilibrium with plasma, the function of facultative reabsorption of water 
has been attributed to some part of the tubule beyond this region, i.e., that part 
of the nephron which shows the most marked pathological changes in chronic 
lead poisoning. Although the actual segment of the distal tubule responsible for 
regulating water reabsorption is still disputed, it seemed likely from the pathological 
picture that the capacity for water reabsorption might be affected in lead poisoning. 
The clearance experiments of this series do not provide data by which this function 
can be measured, and studies on this subject are reported separately (Pardoe and 
Weatherall, 1952). 


SUMMARY 


1. Measurements of blood pressure, glomerular filtration rate, and tubular 
excretory mass have been made in a group of rats during prolonged treatment with 
lead acetate, and compared with measurements made in a control group receiving 
sodium acetate. 
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2. A comparison of the fresh weights of various organs of rats from the lead 
and control groups showed marked enlargement of the kidneys and livers, and 
some increase in weight of the hearts, spleens, and adrenals in the lead-poisoned rats. 


3. Histological lesions were observed in the kidneys of the lead-poisoned rats, 
and appeared to affect mainly the proximal limb of Henle’s loops and the distal 
convoluted tubules. 


4. No significant rise in arterial blood pressure was observed in lead-poisoned 
rats, even after four months’ exposure to lead. Reports of positive results are 
criticized on the ground of inadequately controlled observations. 


5. Glomerular filtration rates showed no significant difference between the 
groups receiving lead acetate and the group receiving sodium acetate, throughout 
the period of dosing. 


6. Tubular excretory capacity, assessed as 7m,,,, rose in the group receiving 
lead, showing a Statistically significant increase after prolonged dosing. This effect 
appeared to be reversible; 100 days after dosing with lead had ceased, the 7m,, , 
had fallen to the pretreatment level. Treatment with dimercaprol possibly accelerated 
this recovery. 


I am greatly indebted to Professor D. S. Russell for preparing the histological sections 
of the kidneys and for the account of their pathology. 1 should like to express my gratitude 
to Dr. M. Weatherall for his guidance in this work and to Miss H. Moore for technical 
assistance. The Hilger Spekker absorptiometer which was used for determinations of 
creatinine and p-aminohippurate was purchased with the aid of a grant (to Dr. M. 
Weatherall) from the University of London Central Research Fund. 
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The main injury produced by lead in rats’ kidneys affects particularly the loop 
of Henle and the distal tubules (Pardoe, 1952). As there are grounds for associating 
these regions with the site of antidiuretic action of postpituitary extracts (cf. Pitts 
and Sartorius, 1950, for discussion), the excretion of water and the effect of vaso- 
pressin have been examined in rats poisoned with lead. Observations have been 
made also on the absorption of water from the alimentary canal and on its distri- 
bution in the body. This aspect of lead poisoning does not appear to have been 
investigated systematically previously, apart from a paper by Masciotta (1942), 
to which we have been unable to obtain access. 


METHODS 


Male albino rats from the local colony were used throughout. Some observations 
were made on the chronically poisoned rats described in the previous paper (Pardoe, 1952), 
and this set of rats will be referred to here as series I. Another chronic series (11) and 
two acute series (III and 1V) of experiments were performed. Details of the doses used 
are shown in Table I. The rats weighed initially about 250 g. (series I and 11) or 200 g. 


TABLE I 
DETAILS OF DOSAGE OF RATS WITH LEAD ACETATE OR SODIUM ACETATE 








Exp. | Single No. Duration Route of 
series | Cation dose of of dosing adminis- Comment 
No. M-eq./kg. | doses days tration 

1 | 

I | Pb) 3.3 p by 63 Oral Dosing three times weekly 

r | nas lis 31 2 Guangheut 

Ir | Pb LT. Dosing three times weekly for first 
IP | Na j 3.3 a = Oral 18 doses, next three doses in 

four weeks, then twice weekly 

ie | Pb | 133 | 2 7 | Oral 
IL? Pb 067 | 1 | — | iw, _ | 

3 | f 6.7 | 2 | 7 Oral ) | 
a Pb | | 0.33 1 | — i.v. Intravenous dose given at same 

‘ | 6.7 2 7 Oral time as first oral dose 
Ill Na | ; 

| \ 0.33 | >} -— | 
oof Pb | — = | _ No treatment 
i 4 
Iv? Naf | 9-67 | 1 a 
| | 























WATER IN LEAD-POISONED RATS 359 


(series III and IV) with standard deviations of about + 10 per cent. The doses used 
generally were near to those expected to cause death, and dosing was stopped at certain 
times because the rats were weak or lethargic. The doses given intravenously were injected 
over periods of 40-60 sec. for each rat. Immediate fatalities were usual if this rate was 
exceeded, but no deaths occurred at the rate adopted. In all the experiments described 
no deaths occurred which could be attributed to the quantity of lead given to the animals. 


Water absorption experiments.—The method of Heller and Smirk (1932) was followed. 
Rats were given lukewarm tap water (5 ml. per 100 g. body weight) by stomach tube, 
and were killed in groups of three at various times afterwards. Some rats were killed 
without giving them any water. Tne alimentary canal, from the lower end of the oesophagus 
to the rectum, was removed, with care not to lose any of its contents, and was weighed 
at once. All weights were expressed per 100 g. body weight and the mean amount of 
water absorbed was calculated from the mean weight of the stomach and intestines of 
the unhydrated animals plus five minus the mean weight of the stomach and intestines 
of the hydrated animals at a given time. 


Tissue water content.—The water content of tissues was determined from their fresh 
weight and their weight after heating to 110° C. for eighteen to twenty-four hours in watch 
glasses or platinum crucibles. 


Water diuresis experiments.—Food was withheld overnight, but access to water was 
allowed. In the morning each rat was given lukewarm tap water (5 ml. per 100 g. body 
weight) by stomach tube and placed either in a metabolism cage constructed on a glass 
funnel of 15 cm. maximum diameter or in a group of six rats in larger galvanized metal 
cages. Vasopressin (“ Pitressin,” Parke Davis: 0.004 or 0.0005 unit per 100 g. body 
weight) or nicotine hydrogen tartrate (0.25 mg. of nicotine base per 100 g. body weight) 
was injected subcutaneously immediately after the water if either of these drugs were being 
studied. The total urinary output was observed approximately every quarter of an hour 
until the rate of excretion had risen and become low again. The results were plotted 
graphically, and as a rule the time until 50 per cent of the dose of water had been excreted 
was determined from these graphs. The amount excreted at different times was similarly 
obtained graphically, and mean values were obtained from replicate estimates. The passing 
of a small volume of urine shortly after hydration and before the onset of diuresis, as 
described by Burn (1931), did not appear to us sufficiently important to render the use of 
the 50 per cent time unreliable. In some experiments an unusually gradual diuresis 
occurred in which there was no definite peak in the rate of excretion: the time to the peak 
rate was therefore not a feasible measure of the delay in diuresis for our purposes. 


Inactivation of vasopressin by liver—The method used was based on that described 
by Birnie, Blackmore, and Heller (1952). A normal or a lead-poisoned rat was killed 
and bled from the carotid artery and its liver was removed; 1 g. of liver was transferred 
to an ice-cold homogenizer and ground for 5 minutes with 2 ml. of ice-cold water; 3 ml. 
ice-cold water were added to the homogenate and ground further, after which the material 
was made up to 10 ml. with distilled water; 1 ml. aliquots were added to a series of 
centrifuge tubes. To these centrifuge tubes were then added 3 ml. of ice-cold M/15 phosphate 
buffer of pH 6.5 and 1 ml. vasopressin in different concentrations. The tubes were shaken 
and incubated at 37° C. for 30 minutes, and the presence or absence of antidiuretic activity 
in their contents was then demonstrated by injecting 0.3 ml. of the incubated solution 
intraperitoneally into each of four rats, which had just been hydrated with 5 ml. water 
per 100 g. by stomach tube, and observing their rate of urinary secretion. 


Action of vasopressin on the weight of frogs.—The effect of vasopressin (0.5 unit per 
20 g. frog) on the weight of frogs was determined as described by Heller (1942). Some 
of the frogs tested were previously exposed to lead by keeping them for two to three weeks 
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in water which contained 1 mm. lead chloride per litre and which was changed three times 
a week. One frog out of twenty-four died under these conditions, compared with none 
out of twelve which were kept in distilled water in an adjacent tank. 


Error of experimental results.—\In the experiments on the absorption of water, on the 
quantity of water in tissues, and on the effect of vasopressin on the weight of frogs, the 
variances of the different groups in a single experiment appeared to be independent of 
the means of the groups. Pooled estimates of the variance due to experimental error 
were therefore made by the usual methods of the analysis of variance, and were used to 
test the significance of observed differences when the analysis showed that the effects of 
treatment were larger than those attributable to chance variation. In the diuresis experi- 
ments the variance between replicate observations was clearly related to the value of the 
mean, although the relation was not a simple one. The variance and standard error 
were therefore calculated separately for each mean. 


RESULTS 
Absorption of water from the alimentary canal 


The absorption of water from the alimentary canal was studied in the rats of 
series Il and III. The results with series III are shown in Fig. 1. Essentially 


on 


Fic. 1.—The absorption of water 
oF from the alimentary canal. 
Ordinates: mean weight of the 
alimentary canal and contents 
in g. per 100 g. body weight for 
groups of three rats. Abscissae: 
time in minutes after giving 
water, 5 ml. per 100 g. body 
weight, by stomach _ tube. 
x <x After lead acetate 
orally. oa ® After lead 
acetate orally and intravenously. 
After lead acetate 
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intravenously. +—---+ After 
sodium acetate orally and intra- 
10 venously. @ — — -@ No previous 


treatment. Details of treatment 
are given in Table I. The values 
at 0 minutes were obtained by 
adding 5 g. per 100 g. to the 
mean weight of the alimentary 
canal when no water was given. 
The standard error of each of 
the points, estimated by the 
analysis of variance, is +.0.53 g. 
per 100 g. body weight. 
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similar results were obtained with the chronically orally poisoned rats of series II. 
In both series, the alimentary canals of the rats which had received lead were con- 
siderably heavier than those of the control rats. This occurred particularly when 
lead acetate had been given by stomach tube, but it was definite also when it had 
been given entirely intravenously. The increased weight was partly due to an 
increase in the weight of the actual tissues and partly to an increase in the contents 
(Table II). The increase in contents was particularly prominent when the lead had 
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TABLE II 
THE WEIGHTS OF VARIOUS ORGANS IN RATS AFTER ADMINISTRATION OF LEAD ACETATE OR 
SODIUM ACETATE 
Details of dosage are given in Table I. The rats of series III were killed eight days after 
beginning dosing and the rats of series II were killed 100-104 days after beginning dosing. 
All values are the means for groups of three rats, except that the values for series II' and 
II? normals are for groups of two rats. Standard errors of the means in each group have 
been obtained from the analysis of variance 





| Water content 


Organ weights, g./100 g. body weight °’ of organ wt 
Exp. o OF : 
series Mode of dosing Small | Gut | | 
No. Stomach intes- | con- | Adrenals Kidney Liver Kidney) Liver 


tine tents 


III* | Acute oral PbAc, 0.64 3.07 | 6.0 0.021 0.89 3.41 | 7 70.2 





IL? Acute i.v. PbAc, 0.62 3.32 3.4 0.025 1.08 4.57 | 80.1 72.3 
III* Acute oral and i.v. 

PbAc, 0.65 3.26 3.8 0.022 1.00 389 | 79.2 71.8 
III* Acute oral and i.v. 

NaAc 0.51 2.41 3.0 0.018 0.75 3.08 78.4 70.1 
ITE No treatment 0.53 275 2.6 0.021 0.73 3.12 | 773 70.5 

Standard errors of , | 

series III means +0.03 +0.17 — +-0.001 +0.06 +0.21 +0.45 +0.25 

Ip Chronic oral PbAc, 0.82 2.60 — 0.015 1.24 3.52 | Sid | Feo 


II’ | Chronic oral PbAc,, 

water withheld 

for 24 hr. before 

death | 0.80 2.38 _ 0.021 1.13 3.91 75.0 70.3 
II? Chronic oral NaAc | 0.51 1.45; — 0.014 0.70 — 76.5 ao 
II? | Chronic oral NaAc, 

water withheld 

for 24 hr. before 

death 0.57 2.02 — 0.015 0.65 2.38 | 75.9 68.8 





been given by stomach tube. The control rats, which had received sodium acetate, 
had slightly more material in their alimentary canals both before and after water 
was given than had the rats which had had no previous treatment. The differences 
were trivial compared with those observed after lead, and they might have been 
due to chance (t=1.33, P=0.2). After water had been administered, the rate 
of absorption in the controls followed the expected course (Fig. 1). In the rats 
which had received lead acetate orally, the onset of absorption was delayed. Indeed, 
the mean weight of the gastro-intestinal tract half an hour after the administration 
of water was greater than could be accounted for by the original weight of the 
tract plus the administered water, both in series III (Fig. 1) and series II. The 
excess in series III could be due to the chances of sampling (t=1.47, P=~0.2), and 
the weights of the alimentary canals of unhydrated rats in series II were obtained 
on a different day from those of the hydrated rats and so were not strictly com- 
parable. The evidence is therefore only suggestive that there was an actual influx 
of material to the gastro-intestinal tract in these animals, but there is no doubt 
that absorption was delayed. Apart from this delay or influx, absorption proceeded 
normally or, in the rats which received lead acetate intravenously, if anything 
unusually quickly; though the results from these last rats were rather irregular. 
The effect of nicotine hydrogen tartrate (0.25 mg. of nicotine base per 100 g. 
body weight) on the absorption of water was observed in some normal rats, in some 
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rats chronically poisoned with lead acetate by stomach tube, and in some acutely 
poisoned intravenously. Nicotine had no significant effect on the weight of the 
gastro-intestinal tract when no water was given. It tended to retard the absorption 
of water. For example, in the rats of series II, which had received sodium acetate, 
the mean weight one hour after giving water was 8.1 g. per 100 g. body weight when 
no nicotine was given and 10.1 g. per 100 g. when nicotine was given at the same 
time as the water (t=2.32, 0.1>P>0.05). Similar differences were seen in the 
lead-poisoned rats of series II (13.9 and 16.4 g. per 100 g. body weight without and 
with nicotine; f-=2.90, 0.05>P>0.02). As these differences are in the same 
direction, they are very unlikely to be due entirely to chance. This point was not 
examined in more detail because the slowing of absorption was not very large and 
did not appear to be an important factor in the observed changes in the action of 
nicotine on water diuresis. 


Organ weights and water content of tissues 


As well as the stomach and small intestine, the liver, kidneys, and adrenals were 
always heavier in the rats which had received lead acetate (Table II). The greater 
weight of the livers and kidneys was due mainly to an increase in dry weight but 
partly also to an increase in water content. The increase in dry weight occurred 
surprisingly quickly. In a pilot experiment, 18 hours after lead or sodium acetate 
had been given by various routes, the dried livers of the animals to which lead had 
been given were on the average 21 per cent heavier and the dried kidneys 19 per 
cent heavier than those of the controls. At this time differences in water content 
were not significant. By eight days slight increases in the tissue water content 
were found consistently in the liver and kidney, though not definitely in the stomach 
and small intestine. 


Water balance 


When groups of three rats were placed in metabolism cages with or without 
access to water for twenty-four hours, the weight losses, urinary output, and fluid 
intake of the control rats and of the rats which had been receiving lead acetate for 
the previous three months did not differ greatly. However, the leaded rats, which 
were not allowed access to water, passed more urine than the controls (4.2 instead 
of 2.6 ml. per 100 g. body weight) and lost more weight (10.9 instead of 8.9 per 
cent) and had larger adrenals (Table II). The variation between the urine output 
of individual rats was not measured and the observations need to be repeated with 
more animals. 


Excretion of water by the kidneys 


When water was given to lead-treated rats, fairly normal diuresis occurred. 
Immediately after giving lead, the responses were irregular, possibly because the 
rats were excited after. their recent handling (Table III, rats of series III). Later, 
the observed 50 per cent times were within normal limits (cf. Dicker, 1951, for 
references), except, rather surprisingly, for the control rats of series II. The rapidity 
of diuresis decreased in these rats after sodium acetate was administered, and they 
then always took over 120 minutes to excrete half their dose of water. This tardiness 
was not observed in the rats of series I, which also received sodium acetate, and 
it has no obvious explanation. It makes the much faster excretion by the lead- 
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treated rats of doubtful importance, especially as this faster rate was within the 
normal range and as the lead-treated rats of series I excreted water not significantly 
faster than their controls (t=1.13, 0.3>P>0.2). Possibly lead causes some 
acceleration of normal diuresis, but the effects are not striking. 


Effect of vasopressin on the excretion of water——The results of experiments in 
which 0.004 unit of vasopressin (“‘ Pitressin,” Parke Davis) per 100 g. body weight 
was injected subcutaneously at the same time as water (5 ml. per 100 g.) was given 
by stomach tube are also shown in Table III and Fig. 4. In acutely poisoned rats 
(series III) the three groups which had received lead all started to show a diuresis 
sooner than the controls and excreted half the dose more quickly, but the difference 
between the control and treated groups was not larger than differences commonly 
observed between identically treated groups on the same day. In rats which were 
receiving repeated doses of lead or sodium acetate by stomach tube (series II) the 
mean delay in the sodium group was reasonably stable. In the lead group there 
was an initial period in which the sensitivity to vasopressin was much increased, 
after which the animals became abnormally insensitive. In these rats the hyper- 
sensitivity reappeared after a period between the sixth and ninth weeks in which 


TABLE IiIl 


WATER DIURESIS IN RATS TREATED WITH LEAD ACETATE OR SODIUM ACETATE, AND THE EFFECT 
OF VASOPRESSIN AND NICOTINE 


The figures given are the time in minutes from the administration of water (5 ml. per 100 g. 

body weight) by stomach tube to the time at which a volume of urine equal to half this 

dose had been passed. Details of dosage with lead acetate or sodium acetate are given in 

Table I. Vasopressin or nicotine was injected subcutaneously immediately after the water 

was administered. The results in series I were obtained from nine rats observed individually, 

in series II from eighteen rats observed in groups of six, in series III from six rats observed 
in a single group, and in series IV from five rats observed in a single group 





Time in minutes to half cxcretion 





Exp ee a oe sensilla 
_ oO rom ain water Vasopressin | Nicotine 
og Method of treatment doses last diuresis 0.004 u. /100 g. 0.25 mg./100 g. 


given dose 
Pb Na Pb Na Pb Na 





II? | Oral | | 136 — 254 — _ oe 
Ill? | Intravenous me | 1 136 — 230 — — _ 
IIi** | Oral and intravenous 1 | 96 95 250 310 _ _— 
Iie | No treatment J — _ — 97 -- 284 on _ 
IV Intravenous 1 l —_\j- — — 163 97 
U—/, —Y 
II Oral, iarge doses... 0 — 107 — — — — 
—_—— 
10-13 1 82 — 254 196 — _ 
15-18 1 82 141 114 183 246 130 
| 19 3 79* 134* —_— — — — 
Oral, reduced doses .. | 20 3 | 80 125 _ _- — — 
| 20 | 8 | 97*| 139* _ — 141*  141* 
Oral, large doses .. | 26-28! -2 | 72 124 216 202 677 167 
I | Oral (+ S.E.) .. | 58 | 12 |] 75 | 82 94 | 133 — m 
| +3.8| +5.4; +8.8| +9.1 
Oral (+ S.E.) - | 58 | 75-83! — — | 1 | 135 — — 
} | | +6.7 +4.6 
| 








* Observations on one group of six rats. 
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the dosage of lead had been greatly reduced (Fig. 2) and the insensitivity did not 
reappear before they were killed. In the other long series (I), diuretic responses 
were not studied at all until lead acetate had been administered for eighteen weeks 
continuously. At this time the rats which had received lead were notably less 
‘sensitive to vasopressin than were the controls (Fig. 2); and in these rats the insen- 
sitivity persisted for at least ten weeks after the administration of lead acetate had 
been stopped. In these animals at the end of eighteen weeks’ treatment, the difference 
in the mean time to excrete half the dose of water after vasopressin was highly 


Ser Fic. 2.—The effect of vasopressin at 


200 various times during the ad- 
” ministration of lead acetate. 
Ordinates: Delay in time to 
fifty per cent excretion of dose 
of water given by stomach tube 
when vasopressin (0.004 unit 
per 100 g.) was given sub- 
cutaneously immediately after 
the water. Abscissae: Time in 
days from starting administra- 
tion of lead acetate. @ ——@ 
Rats treated with lead acetate. 
o—O Rats treated with 
sodium acetate. The points 
joined by lines are for rats of 
series II. The isolated points at 
124 days are for rats of series I. 
The blocked figure at the top of 
° the graph represents the dose of 
lead acetate per week and applies 
to series II: dosage in series I 
was of the same order of magni- 
oo” tude (see Table I), but did not 
follow the detailed course indi- 
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significant (P<0.01). As the rats to which lead had been given excreted water 
slightly more quickly than the controls, the difference between the delays produced 
by 0.004 unit vasopressin per 100 g. is less than the difference between the times 
to half excretion, but it is still substantial (18.6 instead of 50.5 minutes) and also 
highly significant (P<0.01). In terms of the dose-response curve obtained in this 
laboratory for the delay of diuresis by vasopressin in normal rats, this difference 
indicates that 0.004 unit of vasopressin per 100 g. body weight was having about 
as much effect in the leaded rats as 0.0014 unit of vasopressin per 100 g. body weight 
would be expected to have in the controls. 


Effect of nicotine on the excretion of water.—The effect of nicotine hydrogen 
tartrate (0.25 mg. of nicotine base per 100 g. body weight) injected subcutaneously 
immediately after water had been given was examined in the rats of series II and 
IV. It caused a much greater delay in those rats which had been exposed to high 
doses of lead immediately previously than in control rats, or in rats which had not 











WATER IN LEAD-POISONED RATS 365 


90- 


Fic. 3.—Water diuresis after nicotine A 
in lead-poisoned and control 
animals. Ordinates: Percentage A 
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So 
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of dose of water (5 ml. per 
100 g. body weight) excreted by 
groups of six rats. Abscissae: 
Time in minutes from admini- 
stration of water by stomach 
tube. A, range of three groups 
of six control rats. B, range of 
three groups of six lead- 
ploisoned rats. Nicotine 
hydrogen tartrate (0.25 mg. 
nicotine base per 100 g. body 
weight) was injected subcutane- 
ously immediately after water 
was given. This experiment 
was performed on rats of series 
II 85 days after beginning to 
give lead acetate. Details of 
dosage are given in Table I. 
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received lead for some days (Table III and Figs. 3 and 4). The dose of nicotine 
used had much less effect than 0.004 unit of vasopressin per 100 g. in the control 
animals but much more effect in animals which had just received large doses of 
lead, and in the latter the effect of nicotine persisted for many hours (Fig. 4). 
Nicotine if anything delayed the absorption of water. However, nicotine exerted 
the same very prolonged antidiuretic action when it was injected fifty to sixty minutes 
after water had been given, at a time when at least three-quarters of the water had 
been absorbed and only one-quarter excreted. The prolongation is therefore not 
substantially dependent on changes in water absorption, though these may con- 
tribute to it. There was no obvious difference in the frequency of convulsions or 
the degree of prostration produced in the two groups of rats, so the lead-poisoned 
rats did not appear to be generally hypersensitive to nicotine. 


Destruction of vasopressin by the liver—Various quantities of vasopressin were 
incubated for thirty minutes at 37° C. with homogenates of liver taken from normal 
and from lead-poisoned rats of series II, and their antidiuretic activity was then 
compared. It was found that 1.0 g. of normal rat liver under these conditions 


TABLE IV 
INACTIVATION OF VASOPRESSIN ON INCUBATION WITH HOMOGENIZED LIVER 























Concentration of | Time of excretion ofhalf of dose of water 
Ex vasopressin in Dose of suspension ———_—_ —_— a 
P. incubated sus- injected into rats | Liver from normal Liver from rats 
pension of liver rats | poisoned with lead 
unit/ml. ml./100 g. min. min. 
1 0.00 0.3 113 115 
0.002 0.3 100 | 136 
0.002* 0.3 145* | 155* 
2 0.00 0.3 91 | 106 
0.02 0.3 120 102 
0.16 0.3 163 | 147 
* Vasopressin added after incubation. 
‘ 0b Xx 
. } \ 
£ 109 a \ Fic. 5.—The effect of vasopressin on 
$ 108 / xn ™ the weight of normal and lead- 
107F / x. poisoned frogs. Ordinates: 
4; 106 / a Mean weight of a group of four 
> 3 105k / frogs, as a percentage of the 
: B oy q x mean weight in three successive 
3 > we | / -™% e hourly observations. Abscissae: 
6 — | J. %;, Time in hours from injection of 
: mm | / e vasopressin (0.5 unit per 20 g.). 
s x --- Normal frogs. ® —— @ 
z 100F = Ne Frogs kept in lead chloride 
3 99 x (1 mn./litre) for 21 days before 
= 98F 4 experiment. 
As i i i i a 4 i 
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completely inactivated 0.27 unit of vasopressin, and partially inactivated 0.81 unit. 
As Table IV shows, there was no appreciable difference in the antidiuretic activity 
of vasopressin which had been incubated with normal liver and that which had 
been incubated with the same weight of liver from rats poisoned with lead. 


Effect of vasopressin on the weight of frogs.—The effect of vasopressin in doses 
of 0.5 unit per 20 g. on the weight of normal and lead-poisoned frogs was observed 
in two sets of experiments, each on four pairs of frogs. The mean results of one 
experiment are shown in Fig. 5. Vasopressin caused a much larger increase in 
the weight of the normal frogs than the lead-poisoned frogs, and an analysis of 
variance showed that in each experiment the difference would have occurred by 
chance less than once in a thousand experiments. 


DISCUSSION 


The primary object of these experiments was to demonstrate whether the 
histologically demonstrable injury produced by lead salts in the renal tubules was 
associated with a reduced sensitivity to posterior pituitary extracts. The evidence 
on the whole suggested that this was so, but it was clear that other changes in the 
absorption and excretion of water took place in lead poisoning and complicated 
any interpretation of the observations. Most of these changes need to be investi- 
gated further, and our object is mainly to draw attention to their occurrence. 

The alimentary canals of rats to which lead had been administered were dilated 
and contained more materia! than usual. This was not surprising when large doses 
of concentrated solutions of lead salts had been given by stomach tube, but it was 
observed also after intravenous administration when direct astringent and osmotic 
effects on the mucosa were avoided. Lead appears in the stomach wall and in its 
contents after intravenous injection of lead salts in rabbits (Ginsburg and Weatherall, 
1948), and it is reasonable to expect a similar finding in rats: nevertheless the 
quantity of lead so reaching the contents of the alimentary canal in our rats would 
be unlikely to be more than about one-thousandth of the dose given by stomach 
tube. After dosing by stomach tube, absorption of water was delayed; after 
intravenous injection of lead there appeared to be no slowing of absorption and 
so the increase in the contents is more likely to be due either to stimulation of 
secretion or to interference with the musculature of the alimentary canal than to 
primary failure of absorption of material taken by mouth. As the effect was seen 
after intravenous injection of doses much smaller than those used by stomach tube, 
it is more probably due to a central or reflex action of lead than to a purely local 
action in the alimentary canal itself. 

In addition to the increased contents, the stomach and intestines themselves 
were heavier in the animals to which lead had been given, and this was true also 
of the liver and kidneys. This increase was due partly to an increase in dry matter 
and partly to an increase in water content. We have no evidence about how the 
increments in dry weight occurred. The increase in water content was not great. 
For example, in the rats of series III the mean water content of the kidneys for all 
the control animals was 78.1 per cent and for all the leaded animals was 79.7 per cent. 
The corresponding figures for the liver were 70.3 and 71.4 per cent. However, 
during water diuresis, the water load of the tissues, calculated as the difference 
between the water absorbed from the gut and the water excreted by the kidneys, 
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is of the order of 2 per cent of the body weight. This water is probably not distri- 
buted uniformly, and we have not found comparable differences, for example, in 
skeletal muscle. However, differences of 1.1 to 1.6 per cent in the water content 
of some tissues before hydration may well affect the response of the body to water. 
From preliminary observations not reported here it appears that the water content 
of at least the kidneys in leaded animals rises less than in normal animals during 
water diuresis; and this appears to be of considerable importance in interpreting 
the results. 

The part played by the adrenals also requires investigation, since they have 
commonly been enlarged in lead-poisoned animals and it is at least possible that 
this enlargement is associated with changes in functional activity. 

Differences in the diuretic responses of normal and lead-treated rats have, 
therefore, to be considered against a background of differences in initial tissue 
hydration and possibly in the rate of water absorption. Plain water diuresis was 
not greatly altered. There was perhaps a little acceleration, but the evidence, 
discussed above, is equivocal. The antidiuretic action of vasopressin was at first 
enhanced and later diminished. A considerable reduction in sensitivity to vaso- 
pressin was seen also in frogs poisoned with lead. The inhibition of water diuresis 
by nicotine was much augmented four to six weeks after exposure to lead had begun, 
and it appeared that this augmentation depended upon the maintenance of a high 
dosage of lead. It disappeared when dosing was reduced and reappeared when 
it was increased again. The responses to nicotine were clearly distinct from those 
to vasopressin at the same time. 

The insensitivity to vasopressin developed at about the same time as histological 
changes appeared in the renal tubules (Pardoe, 1952), and was presumably due to 
the injury to these cells. There was no visible evidence of earlier injury and it is 
difficult to account for the hypersensitivity to vasopressin observed about the 
fourth to sixth weeks of poisoning. Possibly lead initially increased the sensitivity 
of the tubular cells before visibly damaging and desensitizing them. The tubular 
injury involved both the loop of Henle and at least the distal convoluted tubules, 
but exact identification of the affected parts of the tubules was difficult in the 
presence of the structural damage caused by lead. The present observations do 
not, therefore, provide much useful additicnal evidence about the site of the anti- 
diuretic action of posterior pituitary extracts. 

The hypersensitivity to the antidiuretic action of nicotine has to be accounted 
for separately, since it was conspicuous in animals which responded more or less 
normally to vasopressin, and in animals which were relatively insensitive to vaso- 
pressin. Some evidence was obtained of delayed absorption of water under the 
influence of nicotine both in normal and in lead-poisoned animals, but the charac- 
teristic prolonged reduction in the rate of urine flow was produced in lead-poisoned 
animals when the nicotine was injected an hour after giving water, at a time when 
absorption was nearly complete. Unless nicotine has antidiuretic actions by some 
other pathway than stimulating the pituitary-hypothalamic mechanism, it is simplest 
to assume that this mechanism is rendered more sensitive by lead, so that a single 
stimulus has a much larger or more prolonged effect than normal. We have 
already argued that the observed effects of lead given orally and intravenously in 
producing dilatation of the stomach are probably of central origin, and it seems 
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plausible that both these changes indicate actions of lead on vegetative centres in 
the central nervous system. However, this is only a speculative interpretation and 
further experiments are needed to support or refute it. 


SUMMARY 


1. Some functions of the kidneys and the amount of water in certain organs 
under various conditions have been studied in rats poisoned with lead acetate. 
Rats which had been treated with equivalent amounts of sodium acetate were used 
as controls. 


2. The onset of absorption of water from the alimentary canal was delayed in 
rats which had received lead acetate by stomach tube, but then proceeded normally. 
It was little affected when lead had been given intravenously. Absorption was 
possibly also somewhat delayed both in normal and in leaded rats by nicotine. 


3. In the rats which had received lead acetate, the stomach, small intestine, 
liver, kidneys, and adrenals were heavier than in the controls. In at least the liver 
and kidneys there was both an increase in the dry weight and an increase in the 
water content of the organs. There was also an increase in the contents of the 
alimentary canal, particularly but not only in the rats which had received lead by 
stomach tube. 


4. Water diuresis was slightly but not significantly accelerated in rats to which 
lead acetate had been given repeatedly by stomach tube. 


5. The inhibitory effect of vasopressin on water diuresis in rats poisoned with 
lead was variable. In the first few weeks of administering lead, vasopressin had 
more effect than in normal rats. Later the animals became abnormally insensitive, 
at first reversibly and later apparently irreversibly. 


6. In rats which were receiving large doses of lead acetate frequently, the anti- 
diuretic effect of nicotine was greatly increased. This increase was not related to 
an increased sensitivity to vasopressin. It disappeared within a few days of reducing 
the dose of lead and reappeared when intensive dosing was resumed. 


7. Vasopressin in very large doses had highly significantly more effect on the 
weight of normal frogs than it had on the weight of frogs which had been kept in 
0.001 m lead chloride in the previous two to three weeks. 


8. Possible causes of these changes are discussed. 


We are much indebted to Professor H. Heller for giving us details of the method of 
measuring the inactivation of vasopressin by the liver, and to Miss H. Moore for technical 
assistance. 
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The sulphuric esters of polysaccharides react readily with a variety of proteins. 
Heparin, which has been shown to be essentially a polysulphuric ester of mucoitin 
(Jorpes, 1935; Jorpes and Bergstrém, 1936), is thought by many authors (Fischer, 
1931; Jaques, 1943; Jorpes, 1946) to owe its versatility of biological behaviour to 
the ease with which it interacts with different components of the plasma proteins, 
including the “‘ clotting proteins.”” The sulphuric esters of other large molecular 
weight polysaccharides such as starch, cellulose, chitin, pectic acid, and alginic acid 
have been shown to possess some degree of heparin-like activity (Bergstrém, 1936; 
Chargaff, Bancroft, and Stanley-Brown, 1936; Karrer, Usteri, and Camerino, 
1944; Astrup, Galsmar, and Volkert, 1944; Snyder, 1950; Kazal, Spicer, and 
Brahinsky, 1950; Mangieri, Engelberg, and Randall, 1951). This similarity of action 
has been ascribed to the strong electro-negative charges carried by the ester sulphate 
groups which confer great reactivity upon these molecules in the presence of molecules 
bearing opposite charges, such as proteins and bases (Demole and Reinert, 1930; 
Bergstrém, 1935, 1936; Jorpes, 1946). 


The interaction of heparin and other naturally-occurring mucopolysaccharides 
with certain proteins has been shown to result in visible precipitate formation when 
the reaction has been carried out under suitable conditions of pH, temperature, salt 
and colloid concentrations (Fischer and Astrup, 1935; Meyer, Palmer, and Smyth, 
1937; Jaques, 1943). This precipitate formation resembles that occurring between 
acid polysaccharides and complex bases, and has led to the assumption that, under 
physiological conditions, the reaction between heparin and the “ clotting proteins,” 
like that between, say, heparin and protamine, takes the form of a straight combi- 
nation between the basic groups of the protein and the acidic groups of the heparin 
(Jaques, 1943). 

The heparin-like activity of synthetic polysaccharide sulphate esters has led to 
their investigation as substitutes for heparin in anticoagulant therapy. Several such 
compounds investigated by Astrup and Piper (1946) were judged unsuitable for 
clinical use, since, though active anticoagulants, they caused the precipitation of 
plasma fibrinogen and the agglutination of blood platelets, while, when given in 
large doses, they caused death in experimental animals from internal bleeding. 
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It is the purpose of this communication to provide evidence that the compound 
formed between one polysaccharide sulphate ester (dextran sulphate) and fibrinogen, 
under physiological conditions, is a loosely combined complex which does not behave 
like a simple salt. The formation of this complex, it is suggested, is much more 
dependent upon the molecular size of the acid polysaccharide component than upon 
the charge borne by its acid radicals. This is of importance in determining the 
selection of suitable starting-material from which to synthesize non-toxic heparin 
analogues from dextrans, as will be more fully discussed in subsequent communica- 
tions. 


Dextran sulphates 


Groénwall, Ingelman, and Mosimann (1945) reported an investigation of three 
sulphuric esters prepared from dextrans of different molecular weights. They found 
these possessed anticoagulant properties, but regarded them as too toxic for thera- 
peutic use. They noted that toxicity declined as the compounds decreased in mole- 
cular weight, but when Ingelman (1947) later found that an inulin sulphate of even 
smaller molecular weight was more toxic than the smallest dextran sulphate, he 
concluded that molecular weight was not a factor in determining the toxicity of these 
compounds. From this author’s results, it is possible to infer that the molecular 
weight of his least toxic preparation of dextran sulphate must have been approxi- 
mately 38,000, that is, considerably larger than that of heparin, the molecular weight 
of which he himself estimated to be about 17,000, a value subsequently confirmed 
by Jensen, Snellman, and Sylvén (1948). The detailed behaviour of the dextran 
sulphates in relation to the plasma proteins was not reported. 


A new range of dextran sulphates, extending both above and below the molecular 
weights of Ingelman’s compounds, was prepared and described by Ricketts (1952a). 
These preparations were found to have anticoagulant potencies of about one-seventh 
that of International Standard Heparin. It was found that they also simulated other 
biological activities of heparin. It was noted that when a dextran sulphate approxi- 
mated to or was smaller than heparin in molecular weight, its toxicity was no greater 
than heparin and when added to plasma it did not cause precipitation of protein. 
On the other hand, dextran sulphates with molecular weights considerably greater 
than that of heparin were more toxic, in that they produced a marked bleeding 
tendency in animals, and these compounds did precipitate protein from plasma. 

These observations suggested (i) that molecular weight is an important factor 
in determining toxicity when a series of such compounds is examined, (ii) that 
‘* toxicity,” in the sense of producing a bleeding tendency, is mediated through 
precipitation of ‘‘ clotting proteins,” and (iii) that the heparin-like activity of the 
dextran sulphates might be due to a similar facility for forming complexes with 
various plasma components. 

It was found that dextran sulphates chiefly affected the stability of fibrinogen in 
solution, though traces of other proteins were also removed from solution when the 
large molecular weight compounds were added to serum. In the present communi- 
cation, the interactions of these compounds with purified fibrinogen are described. 
Their behaviour in relation to bases, to other plasma proteins, and to the formed 
elements of the blood have previously been presented in summarized form (Walton, 
1951) and will be reported in detail separately. 
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MATERIALS AND METHODS 


Dextran sulphates.—The structural relationship of the dextran sulphates to heparin 
is shown in Fig. 1; for simplicity, the basic unit of structure of heparin is taken to be 
glucuronic acid-glucosamine, this disaccharide unit being repeated to form a complex 
polymer. 
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Fic. 1.—Comparison of the basic structural units of heparin and dextran sulphate. 


Since the exact nature of the glucuronic acid-glucosamine link is not known, it is shown 
here as a dotted line. It has been shown by Jorpes and Gardell (1948) that most heparin 
samples are not homogeneous but consist of a mixture of mono-, di-, and tri-sulphuric 
esters. The spatial relationships of the sulphate radicals is not known with certainty, 
though Jorpes, Bostrom, and Mutt (1950) and Meyer and Schwartz (1950) have suggested 
that at least one sulphate group is coupled via the amino-group of the glucosamine moiety. 
In the formula shown, one sulphate group is coupled thus while the remainder have been 
inserted arbitrarily to give a di-sulphuric ester. Heparin is commonly regarded as not 
completely homogeneous in molecular size. The molecular weight of 17,000 for a purified 
sample of heparin was regarded as an average for the distribution of molecules in the 
preparations examined (Groénwall et al., 1945; Jensen et al., 1948). 

Dextran is a glucose polymer consisting of long branching chains in which glucose 
units are linked mainly by 1: 6-«-glucoside links (Stacey and Ricketts, 1951). For com- 
parison with heparin, the basic unit of dextran sulphate is also shown as a disaccharide 
in which, again, sulphate radicals have been inserted in arbitrary positions. It has been 
assumed that the parent dextrans in the preparations used were of similar chemical com- 
position but of differing mean molecular weight corresponding to observed differences in 
intrinsic viscosity. The sulphuric esters prepared from these dextrans were then assumed 
to differ in mean molecular weight correspondingly, allowance being made for the extent 
to which sulphate radicals were introduced into the parent polysaccharide. The method 
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of preparation of the compounds used and the methods of estimation of their molecular 
weights have been previously described by Ricketts (1952a). The limitations imposed by 
the available methods of estimating molecular weights when applied to these compounds 
were discussed by Ricketts, who stressed the difficulty of obtaining precise estimates for 
the compounds at the lower end of the scale. The compounds formed are in two molecular 
weight groups: “large,”’ an extended range of the compounds investigated by Ingelman 
et al. (1945) ranging from molecular weight 39,800 to 515,000; and “‘ small,”’ designed to 
approximate in size to heparin. The “large” had three subgroups, D (3 samples), A 
(2 samples), and E (2 samples) of average molecular weights 458,000, 129,000, and 47,000 
respectively. The “ small’ had only one subgroup, I (3 samples), designed to be the same 
molecular weight as heparin (17,000), but osmotic pressure measurements showed that 
they were, in fact, of molecular weight, 7,000 to 8,000. The subgroups had different 
sodium dextran sulphates derived from the same parent dextran of the subgroup but 
containing varying percentages of sulphur as SO, and differing in molecular size within 
the group. Precise assay of their anticoagulant activity was vitiated by their precipitation 
of proteins in whole blood or plasma. Assay of the small molecular weight dextran 
sulphates, and of the commercial samples of heparin used, was performed by the method 
of Kuizenga, Nelson, and Cartland (1943) against a sample of the International Standard 
Heparin. The I size compounds were found thus to assay at 15-20 International (Heparin) 
Units per mg. 

In one series of experiments designed to investigate the effect of further variation of 
sulphur content upon biological activity, a separate range of dextran sulphates was prepared 
and employed. These compounds originated from the same dextran as that used for the 
I size compounds, but their sulphur contents varied from 9 to 17 per cent. These com- 
pounds are listed separately in Table I. 


TABLE I 


SMALL MOLECULAR WEIGHT DEXTRAN SULPHATES PREPARED FROM THE SAME PARENT DEXTRAN 
BUT VARYING IN SULPHUR CONTENT 





Anticoagulant 








Serial No. | °% Sulphur SO, o* eee | activity, 
| units per mg. 
AO 9.2 0.64 2.6 
BB 11.8 1.0 3.75 
BD 14.2 Re, 15.0 
BE 15.9 1.6 15.0 
1/4 17.3 1.9 18.6 





Heparin.—For experiments other than assay, heparin was obtained from commercial 
sources. Batch No. F.85020 of Evan’s heparin, assaying at 90 i.u. per mg. and containing 
8.61 per cent sulphur, and *‘ Liquemin ”’ Roche (batch dated 31.8.48), assaying at 120 i.u. 
per mg. and containing 9.3 per cent sulphur, were employed throughout this investigation. 


Fibrinogen and thrombin.—Lyophilized human fibrinogen and thrombin were supplied 
by the Blood Products Research Unit of the Lister Institute, London. The method of 
preparation and limits of purity of these products have been described by Kekwick, Mackay, 
and Record (1946). 


Buffer solutions.—A stock solution of the universal buffer described by Teorell and 
Stenhagen (1938) was prepared by the method of Ostling and Virtama (1946). This buffer 
varies in ionic strength with pH between 0.07 and 0.10 uw over the range pH 2.5-9. In 
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use, appropriate amounts of 0.1 N-hydrochloric acid were added to give solutions of the 
required pH and these were finally checked with a glass electrode pH-meter. In certain 
specified experiments, Sorensen’s 0.66 M-phosphate buffers at pH 6.8 and pH 7.0 were 
employed. 

Toluidine blue.—Batches No. 948 and No. 1234 of toluidine blue G were supplied by 
Messrs. G. T. Gurr Ltd., London. When a | per cent (w/v) solution of this dye in distilled 
water was added to aqueous solutions of the dextran sulphates or heparin its normal blue 
(orthochromatic) colour changed to a vivid reddish purple (metachromatic) colour, with 
aggregation of the dye in particles at high concentrations of the acid polysaccharides. 


EXPERIMENTAL 


On mixing the various dextran sulphate preparations with normal human plasma, 
it was observed that, at certain concentrations, the compounds of large molecular 
weight (D, A, and E size) caused the appearance of a dense floc¢vllent white preci- 
pitate. When the same compounds were added to normal human’ serum only a 
moderate turbidity occurred. It was therefore thought that the precipitate formed in 
plasma must consist mainly of fibrinogen. This conclusion was supported by the 
finding that similar precipitates to those produced in plasma could be obtained by 
mixing these compounds with solutions of purified human fibrinogen. 

On the other hand, admixture of the small molecular weight (I size) dextran sul- 
phate with either plasma, serum, or a solution of fibrinogen produced no visible 
change. 


The interaction of the dextran sulphates with fibrinogen 

Experiment 1.—0.5 ml. of 1 per cent (w/v) aqueous solutions of the dextran sulphates 
D/3, A/1, E/1, and I/3 were added to 5 ml. quantities of 0.6 per cent (w/v) human fibrinogen 
in distilled water. The molecular weights of these four sulphates were 440,000, 137,000, 
39,800, and 7,000-8,000 respectively. A control tube contained 5 ml. of the same fibrinogen 
solution and 0.5 ml. of distilled water. 

Within a few seconds, the mixtures containing the D, A, and E size compounds became 
cloudy and opaque. The opacity rapidly increased and within a few minutes the particles 
aggregated to form a granular precipitate. The particles then slowly increased in size 
to form heavy white floccules which settled to the bottom of the tube. Maximal precipita- 
tion at room temperature (19° C.), as judged naked-eye, occurred in 20-30 minutes. 
Throughout this period the mixture containing the I size dextran sulphate did not differ 
in opacity from the control. The relative precipitations were: D/3 +++, A/I +4, 
E/1 +, and 1/3 nil. 

After maximal precipitation had occurred in the tubes containing the D, A, and E sizes, 
the tubes were centrifuged at 2,500 r.p.m. for 10 minutes. The supernatant fluid was 
removed and the precipitate washed three times with physiological saline to free it from 
excess fibrinogen or dextran sulphate. The precipitates from each tube were then redis- 
solved in 1 ml. of 10 per cent (w/v) calcium chloride and treated identically. The new 
solution (in calcium chloride) was divided into two parts. To one part was added one 
drop of concentrated human thrombin solution (50 units/ml.). Within a few seconds a 
fibrin clot formed. To the other part one drop of 1 per cent (w/v) toluidine blue was 
added. This produced the bright purplish-red ‘‘ metachromatic reaction ’’ which is given 
by pure dextran sulphate. Neither the original fibrinogen solution nor the calcium 
chloride solution gave a similar metachromatic reaction. 


From this experiment it was concluded: (i) that the precipitate which appeared 
in some instances was composed of both dextran sulphate and fibrinogen, (ii) that 
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the volume of the precipitate appeared to bear some relation to the molecular weight 
or size of the dextran sulphate employed, and (iii) that the slow rate of maximal 
appearance of the precipitate and the ease with which it could be redissolved might 
be due to a loosely-formed complex rather than to the formation of a true salt. The 
last conclusion was supported by the observation that the fibrinogen in forming the 
precipitate did not appear to be denatured, since it could be subsequently redissolved 
and clotted by the action of thrombin. 

Experiments were next carried out to investigate the effects on this complex- 
formation of variations of pH colloid concentration, temperature, and salt con- 
centrations, with simultaneous variation of the mean molecular weight of the dextran 
sulphates by the employment of selected numbers of the available series of com- 
pounds. In each experiment, heparin was employed in parallel to provide a standard 
of comparison. The alterations of the environment of the reaction as outlined above 
are known to influence the stability of systems comprised of a mixture of colloids 
(Glasstone, 1947), and in particular the solubility of the plasma proteins (Oncley, 
1950). 


1. The effect of variation of pH 


Experiment 2.—-Buffer solutions at pH 2.5, 4.0, 6.8, and 9.0 were prepared, as described, 
from the stock Teorell and Stenhagen solution. These buffers offered the advantage of 
constant content of cations, other than hydrogen ions, over this pH range. Heparin, 
dextran sulphates of the D, E, and I sizes, and human fibrinogen solutions were prepared 
in the buffers at each reaction so as to give separate 0.1 per cent (w/v) concentrations. 
Each anticoagulant at a given reaction was then mixed with fibrinogen at the same reaction, 








TABLE II 
EFFECT OF DEXTRAN SULPHATES OF VARYING MOLECULAR WEIGHTS ON FIBRINOGEN AT DIFFERENT 
REACTIONS 

Tube No. I 2 3 4 5 

Anticoagulant ml. of 0.1% soln. 4 2 I 0 

Fibrinogen ml. of 0.1% soin. 0 1 2 3 4 
(a) pH 2.5 

Dextran sulphate D/3 0 +++ | tet++ | +4+44+ 0 

E/1 0 > |. +++ 0 

1/3 0 = sles rT rT 0 

Heparin ‘ 0 + ++ +++ 0 

(b) pH 4.0 . 

Dextran sulphate D/3 0 + ++ +++ 0 

E/I1 0 ! ++ +++ 0 

I/3 0 +-+ +++ 0 

Heparin 0 ++ + + + 0 
(c) pH 6.8 

Dextran sulphate D/3 0 0 + ++ 0 

E/I1 0 0 t + 0 

1/3 0 0 0 0 0 

Heparin vs 0 0 0 0 0 











376 K. W. WALTON 


in similar proportions. The tubes containing these mixtures were placed in a water-bath 
at 37° C. and observed, at intervals, for thirty minutes. 

It was observed that maximal precipitation occurred immediately with all the acid 
polysaccharides at pH 2.5 and pH 4.0. On the other hand, flocculent precipitation developed 
slowly at pH 6.8 and then only in the mixtures containing the D and E size dextran sulphates. 
No precipitation occurred with heparin or the I size dextran sulphate at this pH. Further 
increase of alkalinity to pH 9.0 abolished precipitate formation in all the mixtures tested. 
These results are summarized in Table II. 

The iso-electric point of human fibrinogen is given as pH 5.2 (Morrison, Edsall, 
and Miller, 1948). From these results it appeared that heparin and the small molecular 
weight dextran sulphate behaved similarly to the large molecular weight compounds 
in producing precipitates at reactions below this point. But at a reaction above the 
iso-electric point of the protein and close to physiological pH the previous divergence 
of behaviour with regard to precipitation was again observed, the large molecular 
weight compounds causing precipitation but heparin and the small molecular weight 
compound failing to produce any visible change. 

2. The effect of variation of colloid concentration 

Experiment 3.—Varying concentrations of heparin and the different dextran sulphates 
were titrated against a constant concentration of fibrinogen at physiological pH and 
temperature (pH 7.0 and 37° C.) in the following manner: 

In a series of small glass tubes, doubling dilutions of the acid polysaccharides were 
made in 0.66 M-phosphate buffer at pH 7.0 from stock | per cent (w/v) solutions. To 
each tube was added an equal volume of 1.26 per cent (w/v) human fibrinogen in distilled 
water. A control tube contained a similar volume of fibrinogen plus an equal volume 
of phosphate buffer alone. The tubes were placed in a water-bath at 37° C. and observed 
at intervals for thirty minutes. The results are shown in Table III. 


TABLE III 


TITRATION OF VARYING DILUTIONS OF | PER CENT HEPARIN AND DEXTRAN SULPHATES AGAINST 
0.63 PER CENT FIBRINOGEN AT PH 6.8 AND 37° c. 











Tube No. | 2 3 | 4 5 6 7 8 9 10 | Con- 
trol 
Dilution 1/1} 1/2 | 1/4 1/8 1/16 1/32 1/64 1/128 1/256 1/512 
Heparin .. 0 0 0 0 0 0 0 0 0 0 0 
Dextran sul- 
phate 1/3 0 0 | O 0 0 0 0 0 0 0 0 
E/1 + + rT | rr +++ TT ++ =< 0 0 0 
D/1 0 : + ++) 444+ |) ¢4+44+!4444+ /44+/)4++4+ a 0 





Experiment 4.—The converse experiment of titrating various concentrations of fibrinogen 
against constant concentration of the acid polysaccharides was performed using the same 
solutions as in Experiment 3 and a similar technique. The results are shown in Table IV. 

From Tables III and IV it will be seen: (i) that as before, no precipitation occurred 
with heparin or the I size dextran sulphate at physiological pH, whereas (ii) at the 
same pH, precipitates were produced by the large molecular weight dextran sul- 
phates, and (iii) these precipitates were greater in volume and occurred at greater 
dilutions in step with the increase in molecular weight of members of the D and E 
groups. 
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TABLE IV 


TITRATION OF VARYING DILUTIONS OF 1.26 PER CENT FIBRINOGEN AGAINST 0.5 PER CENT 
DEXTRAN SULPHATES AT PH 6.8 AND 37° c. 











Tute No. 1i2]| 3 4 5s | 6 | 7 | 8 | 9 | 10 |Con- 
| | trol 
Dilution 1 1/2 1/4 | «41/8 1/16 | 1/32 1/64 | 1/128 | 1/256 | 1/512 
Heparin ae 0 0 0 0 0 0 0 0 0 | O 0 
Dextran sulphate | 
13/01/00. Oo 0 0 0 0 0|01!o01]0 
ait] + ite] + + 0; ofo}]o!]ojo 
Di; 0 | + |++/4+++/4+++/4++/] + | + | 0 | 0 | 0 





Inhibition of precipitation by heparin and I size dextran sulphate 

It was found that, at physiological pH, heparin and the small molecular weight 
dextran sulphate, if present in high concentrations, inhibited or greatly delayed the 
precipitation of fibrinogen by the large molecular weight dextran sulphates. Freshly- 
formed precipitates produced by the interaction of the large molecular weight com- 
pounds with fibrinogen could be made to redissolve by high concentrations of heparin 
or the I size dextran sulphate. Similar precipitates which had been allowed to stand 
for twenty-four hours or longer were less easily and less completely redissolved. 

Experiment 5.—0.1 ml. quantities of 10 per cent (w/v) heparin and of 10 per cent (w/v) 
dextran sulphate I/4 respectively were added to tubes each containing 1 ml. of 0.6 per cent 
fibrinogen. A control tube contained | ml. of 0.6 per cent fibrinogen plus 0.1 ml. of 
distilled water. The tubes were placed in a water-bath at 37° C. and 0.1 ml. of 1 per cent 
dextran sulphate D/3 was added to each. A heavy flocculent precipitate appeared in the 
control tube, but no precipitation occurred in the tubes containing the heparin or the I 
size dextran sulphate. Lower concentrations (1-5 per cent) of the latter compounds were 
not similarly effective in inhibiting precipitate formation by the D size compounds. 0.1 ml. 
quantities of 10 per cent heparin or of 10 per cent dextran sulphate 1/4 redissolved the 
precipitate formed in the control tube. 

Further study of the precipitation of fibrinogen by the large molecular weight 
dextran sulphates was carried out by experiments in which all practicable dilutions of 
fibrinogen were tested with all practicable dilutions of each of the dextran sulphates 
in “‘ chess-board ” patterns. One such experiment is illustrated in Table V. 

From such experiments, it became clear that the reaction between the large mole- 
cular weight dextran sulphates and fibrinogen at physiological pH, like that between 
certain other colloids bearing similar charges, could serve as a model of an antigen- 
antibody precipitation reaction. For instance: (a) The pattern of maximal and 
minimal precipitation, as shown in Table V, closely resembled that seen with pre- 
cipitin reactions. (b) Maximal precipitation occurred with constant optimal pro- 
portions of fibrinogen, and of any one given large molecular dextran sulphate. 
(c) The dilution giving maximal precipitation when varying concentrations of dextran 
sulphate were titrated against a constant concentration of fibrinogen was not identical 
with that obtained in the converse titration with the same components. (d) Pre- 
cipitation was inhibited in the region of dextran sulphate or fibrinogen excess 
(prozone phenomenon). The reaction differed, however, from a true antigen-antibody 
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TABLE V 


EFFECT OF VARYING DEXTRAN SULPHATE-FIBRINOGEN RATIOS ON RATE AND AMOUNT OF 
PRECIPITATE 








Fibrinogen ceneennnttiniendiandeneenneale —_ 
dilution =) 4/1 | 1/2) 1/4 | 18 | 1/6 | 1/32 | 1/64 | 1/128 | 1/256 | 1/512 | 1/1024 
al O12?) + i tt +t? +447] ++ | ++ + i 0 
1/2 0 | 0 2 + + ++* | ++*| + £iz2x 0 
1/4 -o/;/o;o;}o/; +) + | +4 | +1 | + | at] 0 
| | | | ze" | 
1/8 0 | 0 0 | 0 o ; 4* | + |] +7 |] + | 22] O 
ha | | | 2 
1/16 0) 0}0! 0 0 | oO o | +% | +7 |] +2! O 
| | | — | — 
1/32 0, 0;/0,0) 0 0 | o | 0 | 0 | 0 0 





Dilutions of dextran sulphate D/3 in 0.9% saline from a stock solution of 1% dextran sulphate. 
Dilutions of fibrinogen in 0.9% saline from a stock solution of 0.9% fibrinogen. pH of solutions 6.8. 
Temperature 19° C. * Maximal precipitation. * Minimal precipitation. 


reaction in being non-specific. Subsequent attempts to sensitize animals to the various 
dextran sulphates were unsuccessful and no evidence was obtained that these com- 
pounds could behave as true antigens in vivo (Walton, 1951). 

Titration of the various dextran sulphates against fibrinogen at pH 2.5 and at 
PH 4.0 showed two important points of difference from the reaction at physiological 
pH. These were: (i) Simple decrease of precipitation with decrease of dextran 
sulphate concentration (i.e. absence of maximal precipitation with constant optimal 
proportions and of ‘* prozoning’’); and (ii) the volume of the precipitate bore no 
obvious relation to the molecular weight of the compound concerned. This latter 
point was subsequently confirmed quantitatively (see below). 

It was possible to infer from the minimal concentrations of fibrinogen and of the 
large molecular dextran sulphate producing precipitation at physiological pH in 
vitro that similar precipitation might occur in vivo with intravenous administration 
of these compounds in doses sufficient to produce an anticoagulant effect. It was 
subsequently confirmed that, under such circumstances, these compounds caused a 
temporary drop in the level of circulating fibrinogen. On the other hand, the I size 
compounds, which did not precipitate fibrinogen from solution in the test-tube, 
produced no alteration of the plasma fibrinogen level in vivo (Walton, 1951). 

3. The effect of variation of temperature 

Because of the observed differences in the reaction with fibrinogen at pH levels, 
above and below the iso-electric point of the protein, the effect of variation of tem- 
perature was observed at both pH 6.8 and pH 4.0. 

(a) At pH 6.8.—It was found that variation of the temperature between 0° C. 
and 37° C. produced no visible alteration in the reaction between fibrinogen and 
either heparin or the I size dextran sulphates, in that no precipitation occurred 
over this temperature range. On the,other hand, the precipitate produced by the 
large molecular weight dextran sulphates was reversibly altered in character and 
amount by variation of the temperature within this range, as illustrated in the 
following experiment. 
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Experiment 6.—Doubling dilutions of an E size dextran sulphate were made in triplicate 
in 0.4 ml. volumes of 0.66 M-Sorensen’s phosphate buffer at pH 6.8 from a stock solution 
of 1 per cent (w/v) dextran sulphate E/1. To each tube was added 0.4 ml. of 1.6 per cent 
(w/v) human fibrinogen in the same phosphate buffer. Control tubes in each rack con- 
tained a similar volume of the fibrinogen solution plus an equal volume of phosphate 
buffer alone. Rack A was allowed to stand on the bench (room temperature 19° C.), 
Rack B was placed in a water-bath at 37° C. Rack C was placed in a refrigerator at 1° C. 
The racks were inspected after thirty minutes and the nature and volume of the precipitate 
noted. The positions of Racks B and C were now reversed—i.e., Rack B was placed in 
the refrigerator and Rack C in the water-bath. At the end of a further half-hour they 
were again inspected and the nature and amount of the precipitate once more recorded. 
Finally, all three racks were left upon the bench at room temperature overnight, and their 
contents inspected and the results recorded the following morning. The results of this 
experiment are shown in Table VI. 


TABLE VI 


THE EFFECT OF VARIATION OF TEMPERATURE ON THE REACTION BETWEEN 1.6 PER CENT 
FIBRINOGEN AND | PER CENT DEXTRAN SULPHATE E/I AT pH 6.8 


(a) At the end of 30 minutes 











Tube | Con- | 
No. | 2 3 4 5 ' trol Nature of 
precipitate 
| Dilution 1/2 1/4 1/8 1/16 1/32 
Rack A .. a os + ++ ++ +++ | ++ 0 Coarse granules 
RackB... | 37°C. + + ++ ++ + 0 Fixe granules 


. ¢ a Ss ++ tet Peet (+444) +4+4+ 0 Heavy floccules 


(b) After second 30 minutes (Racks B and C reversed in refrigerator and water-bath respectively) 








Tube Con- 
No. 2 3 4 5 trol Nature of 
precipitate 
Dilution 1/2 1/4 1/8 1/16 1/32 
RackA.. | 19°C. + | ++ ++ +++ ++ 0 Coarse granules 
Rack B... a ++ tot) ttt itttt) ++ 0 Heavy floccules 
RackC ... 37°C. | + + ++ ++ + 0 Fine granules 





From Table VI (a) it will be seen that at the end of the first half-hour the pre- 
cipitate varied in character and amount in the three racks, being greatest in bulk 
and composed of large floccules at the lowest temperature, intermediate in amount 
and character at room temperature, and least in bulk and made up of fine granules 
at body temperature. From Table VI (b) it will be seen that at the end of the second 
half-hour period, Rack B, which had been first at 37° C. and then at 1° C., showed an 
apparent increase in the amount of precipitate on cooling with a change from fine 
granules to heavy floccules. Rack C, on the other hand, which had been first at 
1° C. and then at 37° C., showed apparent lessening of the bulk of the precipitate on 
warming, with the opposite change from heavy floccules to fine granules. Rack A, 
which was kept at 19° C. throughout both half-hour periods, showed a precipitate 
intermediate in amount and character. When all three racks were left upon the 
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bench overnight, the precipitate in corresponding tubes of all three racks became 
identical in character and amount. The changes described could be repeated many 
times at will by the appropriate alteration of temperature. 

The increase in precipitation on cooling was shown to be an actual one in the 
following further experiment: 

Experiment 7.—The titration of dextran sulphate E/1 against fibrinogen was repeated 
as in the preceding experiment and the rack was placed in the water-bath at 37° C. for 
thirty minutes. The tubes were then spun in a warm centrifuge at 2,500 r.p.m. for fifteen 
minutes, and the water-clear supernatant fluid decanted into fresh tubes which were placed 
in the refrigerator at 1° C. After half an hour, the tubes were inspected and a fresh 
flocculent precipitate was seen to have formed. When the rack was now replaced in the 
water-bath at 37° C., this precipitate dissolved, leaving the fluid water clear once more. 

It was found that the precipitates formed by the A and D size compounds with 
fibrinogen behaved similarly under the conditions of Experiments 7 and 8, over the 
temperature range 0°-37° C. Further increase in temperature (to 45°-50° C.) caused 
complete solution of the precipitate, but it reappeared on cooling. Increase to 56° C. 
caused denaturation of the fibrinogen. The influences of the dextran sulphates and 
heparin on the denatured protein are described below. 


(b) At pH 4.0.—When similar experiments were performed at pH 4.0, the pre- 
cipitates formed by heparin and all the sizes of dextran sulphate showed little or no 
difference in amount or character over the range 0°-37° C. Increase of temperature 
caused, if anything, further aggregation of the precipitate with the formation of larger, 
coarser floccules, but once maximal aggregation had occurred no further change 
was noted on heating or cooling. 


4. The effect of variation of electrolyte concentration 


(a) At physiological pH.—It was found that the precipitates produced by the 
large molecular weight dextran sulphates at this reaction could be redissolved by 
increase of the electrolyte concentration. The effect of various cations in this respect 
was investigated as follows: 


Experiment 8.—All solutions were prepared in carbon-dioxide-free redistilled water at 
PH 7.0. Precipitates were produced by adding 0.2 ml. of 1 per cent (w/v) dextran sulphate 
D/2 to 2 ml. of 0.9 per cent (w/v) human fibrinogen in the presence of 1 ml. of 1 per cent 
(w/v) solutions of the chlorides of magnesium, calcium, strontium, barium, potassium, and 
sodium. In each case the mixture was centrifuged and the supernatant removed and 
replaced by 3 ml. of 10 per cent (w/v) solutions of the same salts. The effects were observed 
at room temperature (19° C.) and at 37° C. 

It was found that the higher concentrations of cations caused redissolution of the preci- 
pitate to varying degrees. In the presence of high concentrations of the divalent cations 
Mg++ and Ca++, the precipitate was completely redissolved at 19° C., giving water-clear 
solutions. The divalent cations Sr++ and Ba++ also dispersed the particulate precipitate 
but yielded opalescent solutions at room temperature. These lessened in opalescence at 
37° C. The monovalent cations K*+ and Na* caused partial solution of the precipitate at 
19° C. and further solution at 37°C. In this respect these cations behaved in correspondence 
with their positions in the lyotropic series of Hofmeister. 

The effect of various anions was also observed in a similar manner, the citrate, tartrate, 
chloride, niirate, iodide, and thiocyanate of sodium being investigated. These anions 
again behaved in accordance with their positions in the Hofmeister series, the iodide and 
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thiocyanate (monovalent anions) being more effective in redissolving the precipitate than 
the tri- or di-valent members of the series. 

Still higher concentrations (over 20 per cent) of these electrolytes merely caused “ salting 
out ’’ and denaturation of the protein which was then completely insoluble except in strong 
alkali. 


(b) At pH 2.5 and pH 4.0.—The precipitates formed by heparin and all sizes of 
the dextran sulphates at these reactions were not dissolved by similar increase of the 
electrolyte concentration. 

The experiments so far described revealed a number of differences in the charac- 
teristics of the interactions between fibrinogen and heparin or the dextran sulphates 
at reactions above and below the iso-electric point of the protein. These differences 
are summarized in Table VII. 

TABLE VII 


DIFFERENCES BETWEEN THE INSOLUBLE COMPLEXES FORMED ABOVE AND BELOW THE ISO- 
ELECTRIC POINT OF FIBRINOGEN, BY THE LARGE MOLECULAR WEIGHT DEXTRAN SULPHATES 








Above the iso-electric point Below the iso-electric point 
1. Molecules of fibrinogen and dextran sulphate 1. The molecules of fibrinogen and dextran 
bear similar nett charges sulphate bear opposite nett charges 
2. Precipitation of fibrinogen occurs only with 2. Precipitation of fibrinogen occurs with all 
compounds of molecular weight 40,000 and sizes of dextran sulphate and with heparin 


above 

3. Precipitation becomes maximal at 37° C. in 3. Maximal precipitation occurs immediately 
20-30 minutes ; 

4. The process resembles antigen-antibody pre- 4. The process bears no resemblance to antigen- 


cipitin reactions in that: antibody precipitin reactions 
(i) “* Pro-zoning’’ occurs at high concen- 
trations 
(ii) Maximal precipitation occurs with opti- (i) to (iii) 


mal proportions which differ in a 
constant dextran sulphate concen- 


tration titration from those of a These conditions do not apply 
constant fibrinogen concentration 
titration 


(iii) Precipitation is inhibited by high con- 
centrations of heparin or the small 
molecular weight homologues 


(iv) Precipitates are reversibly dissociated (iv) Precipitates cannot be dissociated and 
and re-formed by alteration of tempera- re-formed by alteration of temperature 
ture 

(v) Precipitates are inhibited or redissolved (v) Precipitates are not inhibited or 
by increase of electrolyte concentration redissolved by increase of electrolyte 


concentration == 
5. The amount of precipitation is not quanti- 5. The amount of precipitation gives a linear 


tatively related to the content of acidic groups correlation with the content of acidic groups 
(i.e. to the charge) of the acid polysaccharide of the polysaccharide component 
component 

6. The amount of precipitation is related to the 6. There is no obvious relationship between 
molecular size of the dextran sulphate volume of precipitate and molecular size of 


dextran sulphate 





Consideration of these differences suggested that, at reactions below the iso- 
electric point of the protein, the forces engaged in conjugating the components resulted 
in the formation of strong bonds, capable of uniting the polysaccharide and protein 
moieties regardless of their molecular size and capable of withstanding the disrupting 


2B 
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effect of thermal agitation of the molecules and the effects of variation of the ionic 
atmosphere of the reaction. At these reactions, the components bear opposite nett 
charges and union could be effected by coupling of the negatively-charged acidic 
radicals of the polysaccharide with the positively charged basic groups of the protein. 
In such a situation the amount of salt-formation occurring with a given amount of 
fibrinogen should be dependent on the number of acid radicals borne by the poly- 
saccharide (i.e. in the dextran sulphates, on the content of sulphate groups alone; 
in heparin, on the content of both sulphate and carboxyl groups). The relationship 
between fibrinogen precipitation and sulphur content was therefore investigated 
quantitatively in the following experiment: 


Experiment 9.—A 0.1 per cent (w/v) solution of human fibrinogen was prepared in 
citric acid phosphate buffer at pH 2.5; 0.1 per cent (w/v) solutions of heparin (Evans), 
of the small molecular weight dextran sulphates listed in Table I, and of the parent dextran 
from which the latter were derived, were prepared in the same buffer; 0.2 ml. quantities 
of heparin, the dextran sulphates, and the dextran were added to 1.0 ml. of the fibrinogen 
solution. A control tube contained 1 ml. of fibrinogen plus 0.2 ml. of buffer solution alone. 
Precipitates formed with the heparin and dextran sulphates. No precipitate was given 
by the dextran. The precipitates which appeared were centrifuged off and 1.0 ml. aliquots 
were taken from the supernatants, and from the dextran and control tubes. The fibrinogen 
content of these samples were estimated by the bromsulphalein method of Grief (1950). 
Previous experiments had shown that concentrations below 100 mg./ml. of heparin and 
the I size dextran sulphates did not interfere with this reaction, and that the values obtained 
for small quantities (0—2,000 »g./ml.) of fibrinogen by this method were in good agreement 
with those given by a colorimetric method employing the Folin-Ciocalteau reagent (Quick, 
1942) or by estimation of protein nitrogen by the micro-Kjeldahl technique. After 
estimation of the amount of fibrinogen remaining in solution after treatment with heparin 
or the dextran sulphates, by simple subtraction from the figure obtained for the control, 
it was possible to derive the amount precipitated in each case by a constant weight of the 
polysaccharide (200 yg.). The results are shown in Table VIII. When the amount 
of fibrinogen precipitated was plotted against the sulphur content of the polysaccharide, 
a linear correlation was obtained, as seen in Fig. 2. 


700 


600 a Fic. 2.—Precipitation of fibrinogen by 
a heparin, dextran, and dextran sulphates 
500 BDo BE at pH 2.5. Ordinate: Micrograms 
fibrinogen precipitated by 200 micro- 
400 oH , grams of the polysaccharides. Abscissa: 
BB Percentage sulphur content of the com- 
300 AO pounds. H = Heparin. X = Dextran 
(unsulphated). AO, BB, BD, BE, 1/4 = 
200 Dextran sulphates prepared from dextran 
X but containing differing amounts of 

lOO} > sulphur as sulphate. 
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It should be noted that the amount of fibrinogen precipitated by heparin is plotted 
against its sulphur content alone. Its apparent extra capacity for precipitating fibrinogen 
under these conditions, as shown by its deviation from the curve given by the dextran 
sulphates, was thought probably to be due to the extra base binding capacity conferred 
upon it by the possession of carboxyl radicals which were not present in the dextran sulphates. 
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TABLE VIII 


PRECIPITATION OF FIBRINOGEN BY HEPARIN, DEXTRAN, AND SMALL MOLECULAR WEIGHT 
DEXTRAN SULPHATE AT PH 2.5 AND 37° c. 








Sulphur S./ | Fibrinogen 
Compound* content | glucose- | precipitated 
(%) unit (ug.) 
Dextran X .. - va “< ad — <= Nil 
Dextran sulphate AO ; — 9.2 | 0.64 | 281 
BB 11.8 | 1.0 | 375 
BD 14.2 | 1.3 | 513 
BE 15.9 1.6 552 
1/4 17.2 1.9 | 587 
Heparin ai 8.6 ? 412 
Control — — | Nil 





*In each case 200 wg. of the acid polysaccharide in 0.2 ml. citric acid phosphate buffer at pH 2.5 was added to 1,000 vg 
of fibrinogen in 1 ml. of the same buffer. 


On the other hand, consideration of the characteristics of the interactions between 
these compounds at reactions above the iso-electric point of the protein suggested 
that much weaker intermolecular forces were engaged in conjugating the components. 
These forces apparently only became fully effective when the compounds approxi- 
mated to one another in size, appeared to be disrupted easily by thermal agitation 
of the molecules and to be markedly affected by alteration of the ionic atmosphere 
of the reaction. The most noticeable feature of this reaction was the variation in the 
degree of precipitation with variation of the molecular size of the dextran sulphate 
component. This was also investigated quantitatively in the following experiment. 

Experiment 10.—The bromsulphalein method of Grief (1950) was again employed to 
estimate the amount of fibrinogen remaining in solution after treatment with heparin and 
the dextran sulphates, but this time the reaction was carried out at pH 6.8 and the dextran 
sulphates were chosen so as to contain approximately equal contents of sulphur but to 
show wide variation in molecular weight. 

Preliminary experiments showed that the presence of concentrations of the D size 
dextran sulphate greater than 0.5 mg./ml., and concentrations of the A and E sizes greater 
than 5 mg./ml. interfered with the subsequent precipitation of fibrinogen by bromsulphalein. 
Heparin and the I size compounds, as previously mentioned, only interfered with the 
precipitation of fibrinogen by bromsulphalein at concentrations above 100 mg./ml. 


TABLE IX 


PRECIPITATION OF FIBRINOGEN BY HEPARIN AND DEXTRAN SULPHATES OF VARYING 
MOLECULAR WEIGHT AT PH 6.8 AND 37° Cc. 





Sulphur S,/ Approximate Fibrinogen 





Compound* content glucose- molecular precipitated 
(%) unit weight (ug.) 
Dextran sulphate D/I .. 14.6 1.4 418,000 | 1,260 
a 13.7 1.3 | 137,000 | 840 
) m- 4 13.7 1.3 39,800 | =. mae 
| a ay 15.2 ‘3 <8,000 | Nil 
Heparin ..  «. wee 8.6 ? | 17,000(?) | Nil 





*In each case 200 wg. of the acid polysaccharide in 0.1 ml. Sorensen’s phosphate buffer at pH 6.8 was added to 
4,000 ug. fibrinogen in | ml. of the same buffer. 
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1 ml. quantities of fibrinogen solution containing 4 mg./ml. were added to a series 
of tubes each containing 1 ml. quantities of 0.02 per cent heparin or the dextran sulphates. 
The tubes were allowed to stand at 37° C. for thirty minutes. Any precipitate was then 
centrifuged off and | ml. aliquots of the supernatant were transferred to fresh tubes. The 
fibrinogen contained in these samples was then estimated with bromsulphalein. From this 
value, the amount precipitated by the acid polysaccharides was derived as described 
previously. The results are shown in Table IX. 

It will be observed from reference to Table IX that, weight for weight, progressively 
more fibrinogen was removed from solution as the dextran sulphates increased in molecular 
weight. It was noteworthy that though the smallest dextran sulphate contained an amount 
of sulphur slightly greater than that present in the larger homologues, it failed to produce 
fibrinogen precipitation. 

A subsequent experiment employing a similar technique showed that large 
molecular weight compounds of differing sulphur content but derived from the 
same parent dextran (i.e. compounds within the subgroups D, A, or E) produced 
approximately the same amount of fibrinogen precipitation within each subgroup. 
It was therefore evident that, at this reaction, the conjugation of dextran sulphate 
with fibrinogen was not dependent on the content of sulphate groups of the poly- 
saccharide but rather upon the molecular size of the compound. 

Further confirmation of the relative unimportance of charge in the formation of 
precipitates at this reaction was provided by an observation of Ricketts (1952b) 
that the large molecular weight dextrans (at higher concentrations than the sulphate 
esters derived from them) were also capable of precipitating fibrinogen, and that 
these precipitates could be dissociated under the same conditions influencing the 
precipitates formed by the dextran sulphates. 


The effect of heparin and the dextran sulphates on fibrin and the denaturation of 
fibrinogen 
The influences of heparin and the small molecular weight dextran sulphate on 
fibrin clot were studied in the following experiment: 


Experiment 11.—-Fibrin clots were made in the presence of the I size dextran sulphate 
or heparin by adding 0.1 ml. of thrombin solution (containing 25 units/ml.) to a mixture 
of 0.1-ml. of 1 per cent heparin or dextran sulphate plus 0.9 ml. of 0.6 per cent fibrinogen 
in phosphate buffer at pH 6.8. A control clot was made without acid polysaccharide 
present. The clots were washed repeatedly with distilled water till the washings no longer 
gave a metachromatic reaction with toluidine blue. The clots were then regarded as free 
from excess anticoagulant. It was then found that if the clots themselves were stained 
with toluidine blue, those previously exposed to the heparin or dextran sulphate gave 
strong metachromatic reactions while the control clot stained orthochromatically. It 
was observed that if 10 per cent sodium or calcium chloride was substituted for distilled 
water in washing the clots, subsequent metachromatic staining was abolished. 


A further experiment showed that heparin and dextran sulphate acted on denatured 
fibrinogen (coagulated by heat and alcohol-treated) in a similar fashion. 


Experiment 12.—Several thin films were made from a 1 per cent solution of fibrinogen 
on glass slides with a platinum loop. The films were dried rapidly by passing them once 
or twice through the flame of a bunsen burner, and they were then “ fixed ’’ by immersion 
for thirty seconds in 95 per cent alcohol. They were then rinsed and allowed to dry. 
One such film, when immersed for two minutes in | per cent aqueous toluidine blue, took 











HEPARIN AND DEXTRAN SULPHATES 385 


a feeble orthochro-natic (blue) stain. A second film was dipped into a 1 per cent solution 
of heparin for a few seconds, washed thoroughly to remove excess heparin, and then 
immersed in the dye. The film took a deep metachromatic (purplish-red) stain. A third 
film, similarly treated with | per cent dextran sulphate I/3, washed, and immersed in the dye, 
gave a similar strong metachromatic reaction. Once again, if 10 per cent sodium or 
calcium chloride was used to wash the films before they were exposed to the dye, the 
metachromatic staining reaction was abolished. 

Effect on clotting and denaturation 

Heparin and the I size dextran sulphate were found to produce very little effect 
on the coagulation of fibrinogen, either by heat or by the action of pure thrombin. 
Thus, when heparin or the I size dextran sulphate was added, in concentrations 
between | and 20 per cent to solutions of fibrinogen at pH 7.0, the coagulum formed 
on heating the mixture to 56° C., or on adding a drop of concentrated thrombin, 
showed only slightly greater opacity than the controls. On the other hand, when a 
concentration of one of the large molecular weight dextran sulphates sufficient to 
produce precipitation was added to a fibrinogen solution, the gel formed on heating, 
or the clot formed with thrombin, was markedly more opaque, white, and flocculent 
than the control. But if the concentration were sufficient to produce pro-zoning 
(to inhibit precipitation) the coagulum was more translucent than the control. It 
was Observed that the translucent coagulum showed slow and incomplete retraction, 
while the opaque clot formed at lower concentrations showed more rapid retraction 
than the control. 

Although heparin and the I size dextran sulphates were ineffective in preventing 
the coagulation of pure fibrinogen by thrombin, it was found that the I size dextran 
sulphates like heparin showed anti-thrombin activity in the presence of a small 
quantity of fresh serum or plasma. This suggested that the dextran sulphates, like 
heparin, required the presence of a ‘‘ co-factor”’ in serum or plasma for their anti- 
coagulant action. An investigation of this aspect of the behaviour of the I size 
dextran sulphates will be reported subsequently. Here it is only necessary to record 
the result of an experiment designed to investigate whether the large molecular 
weight dextran sulphates, which caused fibrinogen precipitation, owed their anti- 
coagulant action to the latter effect alone or whether they, too, exerted a true anti- 
thrombin action. 

It had been noted in the previous experiments reported that for maximal preci- 
pitation of fibrinogen to occur, a mixture of the large molecular weight dextran 
sulphate and fibrinogen must be allowed to stand for thirty minutes at 37° C. On 
the other hand, a suitable concentration of thrombin clots fibrinogen within a few 
seconds. This difference in the time-relations of the two reactions was utilized in 
the following experiment: 

Experiment 13.—(i) 0.4 ml. of 0.85 per cent (w/v) fibrinogen solution in distilled water 
at pH 7.0 was added to a mixture of 0.1 ml. of 1 per cent (w/v) dextran sulphate D/3 and 
0.1 ml. of normal human serum, and was followed as quickly as possible by 0.1 ml. thrombin 
(containing 25 units per ml.). Slow precipitation of fibrinogen occurred, but the mixture 
did not clot. 

(ii) 0.4 ml. of the same fibrinogen solution was added to 0.1 ml. dextran sulphate D/3 
plus 0.1 ml. of physiological saline (control). Once again 0.1 ml. of the thrombin solution 
was added as quickly as possible to the mixture. A little fibrinogen was precipitated from 
solution, but an opaque white clot occurred within three seconds. 
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From this experiment it was concluded that the large molecular weight dextran 
sulphate owed its anticoagulant action not to fibrinogen precipitation alone, but 
exerted, in addition, a true anti-thrombin action in the presence of a serum co-factor. 


DISCUSSION 


From the evidence presented, it is clear that both heparin and the dextran sul- 
phates can form salts with one of the plasma proteins. The conditions under which 
true salt formation occurs, however, are unphysiological and therefore irrelevant to 
the behaviour of these compounds in the blood and tissue fluids. Under physio- 
logical conditions of pH, temperature, electrolyte and colloid concentrations, the 
behaviour of the dextran sulphate series suggests that a much looser and less stable 
association occurs with fibrinogen. It will be the aim of subsequent communications 
to show that similar association may occur with other components of the plasma- 
proteins and that, by analogy, heparin may be assumed to behave in a similar fashion, 
thus accounting for the similar versatility of behaviour of these two substances in 
relation to a variety of biological systems. The use of a series of dextran sulphates 
of varying molecular weights has shown that complex formation with fibrinogen 
is followed by precipitation of the complex when the dextran sulphate is above a 
certain critical level of molecular size. But there is indirect evidence, which will be 
subsequently referred to, that complex formation between dextran sulphates of smaller 
molecular size and fibrinogen or other plasma proteins may occur unaccompanied 
by visible precipitation but detectable by altered behaviour and properties of the 
plasma component. In the present study, the precipitation of the complex formed 
with fibrinogen in certain circumstances has been utilized to isolate the complex 
and study its properties. The nature of this complex and the biological significance 
of its occurrence merit further discussion. 


The nature of the complex.—The interaction of the dextran sulphates with fibri- 
nogen is evidently closely similar to that occurring between other acid polysaccharides 
and various proteins. 

The interactions of various hydrophilic colloids were studied by Bungenberg de 
Jong and his associates (for bibliography see Bank and Bungenberg de Jong, 1939), 
who considered that, regardless of the reaction of the surrounding medium, com- 
plexes were not formed through salt linkages but that physical apposition of the 
micelles was brought about by their opposing charges with displacement of their 
water of hydration and their consequent precipitation. The visible precipitate which 
occurred, regardless of the pH of the reaction, was considered to be always a “‘ com- 
plex coacervate.”” The interaction of chondroitin sulphate with proteins was ex- 
plained on this basis (Bungenberg de Jong and Dekker, 1935). The formation of 
complexes between amylophosphoric acid and various plant proteins was similarly 
accounted for by Koets (1936). 

This view was opposed by Meyer et al. (1937), who studied the formation of 
complexes between chondroitin sulphate and various proteins only at reactions more 
acid than the iso-electric point of the proteins. They showed that, under these con- 
ditions, true salt formation occurred in stoichiometric proportions, both ester sulphate 
and carboxyl groups being concerned in forming linkages with the basic groups of 
the protein. 
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It was shown by Cohen (1942) that, at neutral reaction, various highly asym- 
metrical plant-virus proteins, with molecular weights greater than 1,000,000, could 
be precipitated from solution by heparin, chondroitin sulphate, and hyaluronic acid. 
These reactions occurred on the alkaline side of the iso-electric point of the proteins 
and no evidence of salt-linkage was obtained. 

A soluble mucoid, extracted from bovine nasal cartilage, was studied by Partridge 
(1948). This was found to consist of chondroitin sulphate, and a protein derived 
from the degradation of collagen. The association of the chondroitin sulphate with 
the protein was found to occur over the range pH 5-9, within which both the protein 
and the acid polysaccharide were negatively charged. The complex formation 
occurring within this pH range was considered to be different in type from the salt 
formation described by Meyer et al. (1937) as occurring below pH 4.85. 

From these examples it is evident that much confusion exists as to the nature 
of the insoluble complexes formed on the admixture of strongly charged poly- 
saccharides with proteins. It appears well established that salt formation occurs 
when the environmental reaction is below the iso-electric point of the protein, and 
this is confirmed in the present investigation, where it was shown that the amount 
of fibrinogen precipitated by the dextran sulphates could be correlated directly with 
the content of acid groups (and therefore the charge) upon the polysaccharide 
molecule. With regard to the formation of complexes above the iso-electric point 
of the protein, the position is less clear. Although it is generally acknowledged 
that complexes may form between similarly charged colloid components, there is a 
natural reluctance to exclude polar association, since, except at very strongly alkaline 
reaction, the more strongly basic residues of the protein might still possess positive 
charges, which would bring about coupling with the strongly electro-negatively 
charged acidic groups of the polysaccharide. It is significant, however, that similar 
complex formation may occur between similarly weakly-charged protein molecules 
or between relatively uncharged polysaccharides and weakly electro-negatively 
charged protein molecules as in the antigen-antibody precipitin reaction. In reviewing 
the evidence concerning the nature of the forces engaged in such antigen-antibody 
precipitin reactions (in which, also, both colloid components are similarly electro- 
negatively charged, as a rule) Pauling, Campbell, and Pressman (1943) concluded 
that forces variously described as electronic van der Waal’s attraction, secondary 
valencies (hydrogen bonds), coulomb attraction, attraction of electric dipoles and 
multipoles, etc., were those primarily engaged in bringing about the union of the 
antigen and antibody. These authors suggest that such forces operate most strongly 
in large molecules which are able to bring large areas of their surfaces into close 
contact and which are mutually complementary in surface configuration and distri- 
bution of active electrical charges and hydrogen-bond-forming groups. Molecules 
with approximately, but not completely, complementary surfaces would show weaker 
mutual attraction, while only very weak attraction would occur between other 
molecules. 

Conceivably such intermolecular forces would operate equally in the reaction 
under discussion. It was observed that, although this reaction lacked the specificity 
of the antigen-antibody reaction, it showed properties analogous to the pro-zone 
phenomenon, maximal precipitation with optimal proportions, discrepancy between 
constant antigen and constant antibody ratio, and inhibition of haptene excess which 
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are shown by true precipitin reactions. The behaviour of the complex with altera- 
tion of electrolyte concentration and temperature was aiso closely similar to that 
of antigen-antibody complexes. 


Both fibrinogen and dextran are known to be markedly asymmetrical molecules. 
The available evidence indicates that fibrinogen consists of very elongated ellipsoidal 
molecules with a molecular weight of about 400,000 and approximate dimensions 
of 700 A by 37 A (Oncley, Scatchard, and Brown, 1947; Edsall, Foster, and Schein- 
berg, 1947; Hall, 1949). Calculations by Ingelman and Halling (1949) showed that 
the dimensions of dextran fractions varying in molecular weight between 240,000 
and 14,000 vary between 1170 A by 20 A and 200 A by 12 A. Sulphate esters prepared 
from progressively degraded dextrans would show a similar parallel decrease in 
molecular asymmetry and particularly a decrease in molecular length. If complex 
formation with the asymmetric fibrinogen molecule depends less on charge than on 
similarity of molecular shape and configuration (allowing greater opportunity for 
the interplay of non-ionic forces), then it would be expected that interaction would 
occur more markedly with the dextran sulphates with molecular dimensions approxi- 
mating to those of fibrinogen and less markedly with progressively smaller dextran 
sulphate molecules. It might also be expected that even the parent dextran molecule 
itself, free from acidic groups and relatively uncharged might show some degree 
of similar interaction if of large molecular dimensions. Further, it would be reason- 
able to predict that maximal interaction of the molecules, leading to their mutual 
dehydration, would be accompanied by precipitation of the complex, whereas this 
tendency would become progressively less marked as interaction between the molecules 
decreased. 

The present findings are in consonance with those of Cohen (1942), who found 
that, although a given sample of hyaluronic acid precipitated the tobacco mosaic 
virus protein at pH 7, when the hyaluronic acid was degraded with hyaluronidase, 
the reaction products, though still charged, now failed to cause precipitation. Simi- 
larly Partridge (1948) found that his mucoid preparation, when heated, suffered a 
rapid reduction in viscosity (suggesting depolymerization of its components) with 
parallel loss of the capacity to form insoluble complexes at pH 5-9. 


Although the charge borne by the polysaccharide ester sulphate groups is com- 
paratively unimportant in forming complexes with the plasma proteins, this charge 
is essential for anticoagulant action. Although some of the parent dextrans were 
also capable of forming complexes they did not affect the clotting system. 


The effects of the dextran sulphates upon the appearance and texture of the 
coagulum formed from fibrinogen, in their presence, by heat or by thrombin, appear 
to be in keeping with the observations of Foster (1948) on the influence of heparin 
on clotted plasma. They also appear to correspond with the change from “ fine ” 
to *“‘coarse”’ clots, described by Ferry and Morrison (1947) as accompanying 
alteration of the environment in which the conversion of fibrinogen to fibrin takes 
place. These authors suggested that ‘fine ’’ clots were made up of a network of 
chains, consisting of fibrinogen molecules joined end to end, cross linked at least 
partially by primary chemical bonds. ‘‘ Coarse” clots, on the other hand, were 
regarded as made up of a network of bundles of such chains, cross linked largely by 
secondary bonds and by lateral association. Translucent or “ fine ’’ clots could only be 
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produced by concentrations of the large molecular weight dextran sulphates within 
the ** pro-zone’’ region. At lower concentrations where fibrinogen precipitation 
occurred (perhaps due, as suggested, to aggregation of the polysaccharide and 
protein molecules in layers by lateral association and secondary bond formation), 
the “‘ coarse’ nature of the clot was markedly accentuated. 


Although heparin and the I size dextran sulphates produced no visible interaction 
with native fibrinogen, it could be shown that they were adsorbed upon the surface 
of the clotted or denatured protein. This may be significant in explaining their 
apparent regionally selective capacity in preventing the extension of intravascular 
thrombi. 


Biological significance of complex formation—Although the insoluble complex 
formed by the large molecular weight dextran sulphates under physiological con- 
ditions appeared to be composed of weakly conjoined components, it was sufficiently 
stable in plasma or whole blood to produce a number of pathological effects. These 
will be described in detail in a separate communication. 


The terms “‘ molecular weight’ and ‘* molecular size’’ have been used in this 
communication as though they were interchangeable. But, if as here contended, 
it is the actual shape, dimensions, and surface configuration of an acid polysaccharide 
which determine the degree of complex formation and the stability in solution of 
the complexes formed with plasma proteins, while the latter phenomenon in turn 
promotes the “‘ toxicity’ of the compound, then it follows that molecular weights 
(whether derived from intrinsic viscosities or osmotic pressures) are only acceptable 
as standards of reference for a given series of compounds derived from the same 
parent polysaccharide. Earlier reference has been made to Ingelman’s (1947) 
comparison of the * toxicity ’’ of an inulin sulphate with that of his smallest dextran 
sulphate. He found the former more “ toxic’ though smaller in molecular weight 
than the dextran sulphate, and concluded that molecular weight was not a factor in 
determining “‘ toxicity.”” Inulin is composed of different (fructose) units which are 
linked differently and disposed differently (Haworth, Hirst, and Percival, 1932) 
from dextran, and its molecular dimensions for a given molecular weight probably 
differ from those of a dextran of similar molecular weight, making comparison of 
their respective sulphate esters on a basis of molecular weight unjustifiable. The 
physical data here quoted as distinguishing a “‘ toxic’’ dextran sulphate from a 
‘** non-toxic ’’ one should not be directly transferred to other polysaccharide sulphate 
esters. Nevertheless it appears advisable to urge (in view of the comparative ease 
with which anticoagulant preparations can be obtained by the sulphation of different 
polysaccharides) that any such preparations should be investigated for similarity 
of behaviour to the large molecular weight dextran sulphates before administration 
to man. 

The small molecular weight dextran sulphates, when screened to ensure sufficient 
homogeneity of molecular size (absence of “‘contamination”’ by large molecules), 
appear not to affect the stability in solution of the macromolecular plasma proteins 
and also to be virtually non-toxic. They appear to exert a true antithrombin action 
and to behave qualitatively identically with heparin. They offer, therefore, thera- 
peutic potentialities as inexpensive heparin substitutes. The biological testing and 
therapeutic trial of one such compound will be reported subsequently. 
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SUMMARY AND CONCLUSIONS 


Observation of the interactions, with fibrinogen, of heparin and of a series of 
dextran sulphates of varying molecular weights showed that: 


1. Visible interaction occurred as precipitate formation on adding heparin and 
dextran sulphates of all the available molecular sizes to fibrinogen at reactions 
below the iso-electric point of the protein. 


2. Visible interaction as precipitate formation at reactions above the iso-electric 
point of fibrinogen occurred only with dextran sulphates with molecular weights 
above a certain critical level. 


3. When the behaviour of these precipitates was examined in relation to variations 
of the environment in which they were formed (i.e. variations of pH, temperature, 
electrolyte, and colloid concentrations) it was found that the precipitates formed 
on either side of the iso-electric point of the protein differed in many respects from 
each other. 


4. From consideration of these differences it was concluded that, at reactions 
below the iso-electric point of fibrinogen, precipitation is due to ordinary salt 
formation, and this was shown to be dependent directly upon the content of acidic 
groups, and therefore the electro-negative charge, borne by the acid polysaccharide. 
The conditions governing this variety of interaction with fibrinogen were such that 
the reaction was not regarded as being directly relevant to the behaviour of these 
compounds in normal tissue fluids. 


5. On the other hand, the precipitates formed by the large molecular weight 
dextran sulphates, under physiological conditions, with fibrinogen, were found to 
be loose, easily dissociated complexes, resembling antigen-antibody complexes in 
some respects. Attention has been drawn to the similar behaviour of other acid 
polysaccharides in relation to a variety of proteins. 

The formation of insoluble complexes in this second variety of interaction with 
fibrinogen was shown to be dependent primarily upon the molecular size of the 
dextran sulphate and not upon its content of acid groups. For this reason the 
reaction was regarded as being due mainly to the interplay of non-ionic forces 
between the molecules. 


6. The formation of such insoluble complexes with fibrinogen (and possibly 
other macromolecular components of plasma) by the large molecular weight dextran 
sulphates is indirectly responsible for the toxicity of these compounds in vivo. 


7. Low molecular weight dextran sulphates, like heparin, do not form insoluble 
complexes with the plasma proteins, under physiological conditions. For this reason, 
apparently, they are no more toxic than heparin, yet show qualitatively similar 
behaviour as anticoagulants, making it possible to employ them as _ heparin- 
substitutes. 


It is a great pleasure to acknowledge the help, advice, and collaboration of my colleague 
Dr. C. R. Ricketts in various aspects of this investigation, and to thank Professor J. R. 
Squire for his constant interest and encouragement. Thanks are also due to Sir Alan 
Drury and Dr. R. A. Kekwick for their kindness in arranging supplies of fibrinogen and 
thrombin, and to Dr. A. A. Miles, who kindly provided a sample of International Standard 
Heparin. . 
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Both Barlow and Ing (1948a and b) and Paton and Zaimis (1948, 1949) have 
demonstrated a striking relationship between neuromuscular blocking potency and 
chain-length in a series of polymethylene bis-trimethylammonium salts. -Bovet, 
Bovet-Nitti, Guarino, Longo, and Marotta (1949) have shown that a comparable 
relationship exists between chain-length and potency in bis-choline esters of aliphatic 
dicarboxylic acids. Barlow and Ing prepared the methonium compounds as neuro- 
muscular blocking agents by analogy with the structure of d-tubocurarine, but it 
is clear from the analyses by Zaimis (1951) and Burns and Paton (1950) that deca- 
methonium iodide, the most active compound of the series, exerts its blocking 
effect by a different mechanism from that of curare. Succinylcholine, the most active 
of the bis-choline ester series, resembles decamethonium in its mode of action. It is 
therefore of interest to ask how far chain-length influences blocking potency in 
homologous series of polymethylene bisquaternary ammonium salts that exert true 
curarizing action. 

The three series of compounds that provide the subject of the present paper are 
homologous with Compounds 14, 15, and 20, which were the most potent members 
of a group of muscle-relaxant drugs described by Collier and Taylor (1949) and by 
Taylor and Collier (1950, 1951). Compounds 14, 15, and 20, which were synthesized 
by Taylor (1951, 1952a), are derivatives of decamethylene bis-1: 2: 3: 4-tetrahydro- 
2-methylisoquinolinium salts. Their structural formulae are illustrated in Fig. 1; 
and their pharmacology is described by Collier and Macauley (1952), who give the 
detailed evidence that these compounds resemble curare in their mode of action. 

In the course of these investigations the nonamethylene member of the Compound 
20 series proved to be a more active curarizing agent than the decamethylene in the 
mouse and in the rabbit. Since the decamethylene compound had already been found 
satisfactory as a curarizing agent in human volunteers (Bodman, 1952) and in clinical 
trials (Bodman, Morton, and Wylie, 1952), further observations were made on the 
pharmacology of the nonamethylene member. Experiments on the release of hist- 
amine in volunteers, which are reported below, indicated, however, that the 
nonamethylene compound was a more potent histamine-liberator than the decamethy- 
lene, and therefore there appeared to be no call for its clinical trial. 


MATERIALS AND METHODS 


The compounds investigated were the hexa-, octa-, nona-, deca-, undeca-, and dodeca- 
methylene members of the Compound 14 and Compound 20 series, and the nona-, deca- 
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Fic. 1.—Cd. 14. Decamethylenebis [1: 2: 3: 4-tetrahydro-6: 7-dimethoxy-2-methylisoquinolinium 
iodide}. Cd. 15. Decamethylenebis [1:2 :3 : 4-tetrahydro-6: 7: 8-trimethoxy-2-methyliso- 
quinolinium iodide]. Cd. 20. Decamethylenebis [1 : 2: 3: 4-tetrahydro-6: 7-dimethoxy-1-(3’: 4’- 
dimethoxybenzyl)-2-methylisoquinolinium iodide}. 


undeca-, and dodecamethylene members of the Compound 15 series. These compounds 
were prepared by Taylor, who has described (1952a and b) the synthesis of all but the 
hexamethylene members. All compounds were crystallized to analytical purity, but possible 
diastereoisomers were not separated. With the exception of the methosulphates of the 
deca-, undeca-, and dodecamethylene members of series 20, the iodides of the compounds 
were used. Values obtained with the methosulphates have been expressed below as those 
of equivalent iodides. 


The curarizing potencies of the compounds were determined in two species by intra- 
venous administration to intact animals. Paralysis after treatment was assessed in the 
rabbit by the righting response (see Collier, Fieller, and Hall, 1949) and in the mouse with 
the rotating drum described by Collier, Hall, and Fieller (1949). The curarizing potency 
of each drug was expressed as the dose paralysing 50 per cent of the animals (ED5S0). The 
EDS50 of each compound and its standard error were estimated in the first place by the 
graphical method of Miller and Tainter (1944). In those compounds which were critical 
in determining the position of the peak of curarizing activity in mice, these values were 
also computed. There was excellent agreement between the values obtained graphically 
and by computation. 


The potency as histamine-liberators of the nona- and decamethylene members of the 
Compound 20 series was compared by measuring weal areas in three normal human 
subjects, who received intradermal injections of the compounds, as described by Collier 
and Macauley (1952). { 
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RESULTS 
Curarizing potencies 
The results of estimates of the curarizing potencies of all compounds in the 
rabbit and mouse are expressed in Table I. The logarithms of the ED50s of each com- 
pound are plotted against the number of carbon atoms in the polymethylene chain 


TABLE I 


POTENCIES OF POLYMETHYLENE BISiSOQUINOLINIUM DERIVATIVES IN PARALYSING THE 
INTACT MOUSE AND RABBIT 

















No. of C- | Mouse Rabbit 
ms in 
an eo No. of EDSO + std. error in No. of EDSO + std. 
animals pg. per kg. | animals _ error in wg. per kg. 
Cd. 14 6 30 3,177.0 + 287.3 _ — 
8 30 616.6 + 39.6 11 98.4 + 1.79 
9 60 382.2 + 19.1 20 65.6 + 3.50 
10 60 283.6 + 19.3 20 41.9 + 2.15 
11 90 281.7 + 16.0 16 48.8 + 4.40 
12 30 371.1 + 24.1 10 67.6 + 4.37 
Cd. 15 9 60 398.2+ 21.5 12 50.1 + 2.29 
10 160 288.4 + 11.3 123 18.8 + 1.01 
11 60 4214+ 28.2 15 37.4 + 3.65 
12 | 30 496.0+ 20.43 13 77.3 + 2.97 
Cd. 20 6 30 14,620.0 + 1,959.0 — — 
8 60 266.5 + 18.4 10 47.2 + 3.68 
9 70 156.5 + 13.0 26 23.7 + 1.04 
10 540 284.2 + 8.7 155 29.4 + 1.61 
11 30 4192+ 41.6 20 58.2 + 7.27 
12 30 786.8 + 52.6 13 95.0 + 2.63 





in the mouse in Fig. 2 and in the rabbit in Fig. 3. In these figures the results obtained 
in the same animal species by Paton and Zaimis (1949) with compounds of the 
methonium series are included for comparison. It will be seen from Fig. 2 that in 
the mouse the peak in the Compound 14 series occurs at the decamethylene and 
undecamethylene members, in the Compound 15 series at the decamethylene, and in 
the Compound 20 series at the nonamethylene member. It will be seen from Fig. 3 
that the same trends are shown in the rabbit, though not quite so sharply. 


Histamine release in man 

The weal areas produced by intradermal injections of the nona- and deca- 
methylene members of the Compound 20 series in three different subjects were 
compared in a number of experiments, one of which is illustrated in Fig. 4. These 
experiments showed that the nonamethylene compound was significantly more 
active as a histamine-liberator in man than the decamethylene. 


DISCUSSION 


Barlow and Ing (1948) and Paton and Zaimis (1949) have shown that in the 
methonium series the peak for neuromuscular blocking activity occurs at the 
decamethylene member. These authors have offered an explanation of this fact in 








CHAIN-LENGTH AND CURARIZING POTENCY 


terms of a “ fit’ between the 
drug molecule and drup-recep- 
tor groups at its effector site. 
This explanation supposes that 
potency is greatest when the 
distance between the quater- 
nary ammonium groups of the 
drug molecule corresponds 
most closely with the com- 
monest distance between recur- 
rent receptor groups. 

Bovet et al. (1951) and the 
present author (1951) have 
expressed the view that neuro- 
muscular blocking drugs of 
both the decamethonium and 
curare types become attached 
to the same receptor groups at 
the motor end-plate; and that 
the difference between their 
modes of action arises after 
this attachment. This view may 
be based on the assumption 
that the receptor groups in- 
volved are those of acetyl- 
choline, since, in certain animal 
species, blockers of the deca- 
methonium type are poten- 
tiated, and of the curare tyre 
antagonized, by anticholin- 
esterases. 

Hitherto the existence of a 
sharp peak for neuromuscular 
blocking activity has been 
demonstrated in homologous 
series of methonium and like- 
acting compounds. The fact 
that in the present series of 
curarizing compounds the 
peaks also occur at approxi- 
mately the same chain-lengths 
as in the methonium series 
supports the view that the two 
types of neuromuscular block- 
ers become attached to the 
same receptor groups. The 
observation of Barlow and Ing, 
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ammonium salts (methonium figures from 
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Fic. 4.—Maximal weal areas in two human subjects resulting from intradermal injections of Com- 
pound 20 and its nonamethylene homologue. 


however, that tridecamethylene bis-triethylammonium bromide is more active than 
the corresponding decamethylene compound is more difficult to reconcile with the 
present view. 

Although the peak activity for neuromuscular block occurs at or near the deca- 
methylene member, the small but definite differences in the situation of the peak 
in each series still remain to be explained. Within the framework of the receptor 
theory, these differences might be accounted for in a number of ways, such as the 
following. 


(1) It is possible that different proportions of diastereoisomers having different 
curarizing potencies might occur in different members of the same series. An 
explanation of this sort would, however, have to depend on diastereoisomers based 
on asymmetric quaternary nitrogen atoms, since the peak falls at a slightly different 
place in the 14 and 15 series, although neither type contains asymmetric carbon 
atoms. 


(2) A second explanation suggested by Dr. E. P. Taylor is based on the facts 
that the polymethylene chain is not rigid, and that the side-groups in positions 
1 and 8 of the isoquinoline nucleus, which are most likely to exert steric effects on the 
mean chain-length, differ in the three types of compound. In Compound 14, positions 
1 and 8 are unsubstituted, in Compond 15 there is a methoxy group in position 8, 
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while in Compound 20 there is a dimethoxybenzyl group in position 1. These small 
differences in configuration of the end-groups might cause the mean distance apart 
of the nitrogen atoms to differ slightly between corresponding members of the three 
series. 


(3) We know that the side-groups on the heterocyclic rings modify potency 
very strongly. They may be presumed therefore to play a part in attachment to the 
receptors, and the best “‘ fit’ may depend not only on the length of the linking chain, 
but on the nature of the potentiating side-groups. This explanation seems more 
applicable if we consider receptor-groups as irregular areas, rather than as points. 


SUMMARY 


1. In three series of polymethylene bis-isoquinolinium salts the peak for curariz- 
ing activity occurs between the nonamethylene and undecamethylene members. In the 
dimethoxy (Compound 14) series, the peak occurs at the deca- and undecamethylene 
members, in the trimethoxy (Compound 15) series at the decamethylene, and in the 
dimethoxy-dimethoxybenzyl (Compound 20) series at the nonamethylene member. 


2. The nonamethylene member of the 20 series is a more potent histamine- 
liberator in man than the decamethylene member. 


3. The reasons for the slight differences in the position of the peak curarizing 
activity in the three series are discussed. 


I would like to express my thanks to Miss B. Macauley for her co-operation in the 
experiments on histamine release and to Miss M. P. Hatton and Miss V. Hornshaw for 
technical assistance. I would like to acknowledge the helpful discussions I have had with 
Dr. W. D. M. Paton and Dr. E. P. Taylor, and to thank the directors of Allen and 
Hanburys Ltd. for permission to publish this work. 
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The development of a new group of synthetic muscle-relaxant drugs (Collier 
and Taylor, 1949; Taylor and Collier, 1950, 1951) led to the preparation of a number 
of compounds showing very high paralysing activities, which in the rabbit were of 
the same order as that of dimethyltubocurarine. These highly active compounds, 
and especially No. 20 (laudolissin), also resembled dimethyltubocurarine in chemical 
structure; and two of them, Compounds 15 and 20, appeared from these preliminary 
studies to merit further pharmacological investigation, with a view to their possible 
use as muscle-relaxants in surgical operations. At the outset of such an investigation, 
the question arises as to what pharmacological properties are of particular interest 
to the anaesthetist. Collier (1951) has discussed these properties and the pharma- 
cological methods involved in assessing them; and Doughty (1951) has outlined 
the following pharmacological data that an anaesthetist requires before administering 
a new muscle-relaxant drug. 

**(1) The type of drug—i.e., whether like d-tubocurarine or decamethonium in 
action. (2) The efficacy of the antidotes if any. (3) Its autonomic blocking activity 
both sympathetic and parasympathetic. (4) Its capacity in releasing histamine. (5) 
Duration of its effect—i.e., short- or long-acting. (6) Its respiration-sparing effect. 
(7) Its potentiation by anaesthetic agents. (8) Any special peculiarity of the drug.” 

These aspects of the new drugs, and their relation to d-tubocurarine, are pre- 
sented below. 

Both laudolissin and Compound 15 have been administered by Bodman (195la 
and b, 1952) to human volunteers. He found that laudolissin could be administered 
to man in effective doses without obvious side-effects, but Compound 15 released so 
much histamine as to render it unsuitable for clinical use as a muscle-relaxant. The 
relations between his findings and our work are also considered in this paper. 

The experiments described below, except those on the antagonism between laudo- 
lissin and succinylcholine, have been carried out with both laudolissin and Compound 
15. Unless the latter is specifically mentioned, it can be taken that its properties 
closely resemble those of laudolissin. In addition to their activities, which will be 
discussed below, both laudolissin and Compound 15 possess considerable anti- 
bacterial activity, which will be described in detail later (Collier, Potter, and 
Taylor, 1952). 


***T audolissin” is the registered name for decamethylenebis [1:2:3: 4-tetrahydro-6: 7- 
dimethoxy-1-(3’ : 4’-dimethoxybenzyl)-2-methylisoquinolinium salts} (Compound 20). 
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f MATERIALS AND METHODS 
Materials 


The iodide, bromide, and methosulphate of laudolissin and the iodide of Compound 15 
were used (Taylor, 1951, 1952). Since the methosulphate of laudolissin and the iodide 
of Compound 15 were administered to volunteers by Bodman, values are given below in 
terms of these salts. For comparison with these drugs, d-tubocurarine chloride was used. 
Drugs were administered in solution in 0.9 per cent saline intravenously to the species of 
experimental animal used; namely, mouse, rat (Wistar), rabbit (Himalayan and Ermine 
Rex), cat, and chick (Rhode Island Red x Light Sussex). 


Measurement of potency and toxicity 

Curarizing potency was determined by three methods. (1) In the intact rat and rabbit 
by the presence or absence of the righting response following treatment (see Collier, Fieller, 
and Hall, 1949). (2) In the mouse with the rotating drum described by Collier, Hall, and 
Fieller (1949). (3) In the cat with the tibialis anticus preparation described by Paton and 
Zaimis (1949), using a neon-lamp stimulator adjusted to deliver four shocks per minute. 
The curarizing potency of these drugs in the rat, rabbit, and mouse was expressed as the 
dose paralysing 50 per cent of animals (EDSO). 

The toxicity of single doses was estimated from the proportions of animals killed at 
several dose levels. Since death, which was due to failure of respiratory muscles, was 
almost immediate, and no delayed deaths were seen, results were assessed on the kill within 
16 hours of treatment. Toxicity was expressed as the dose killing 50 per cent of animals 
(LDS0). 


Blocking of autonomic ganglia 

In order to estimate block in autonomic ganglia two methods were used. (1) Depression 
of the contraction of the nictitating membrane in the cat, described by Paton and Zaimis 
(1949), in which block in a sympathetic ganglion is measured. (2) The inhibition of the 
response of the isolated guinea-pig ileum to nicotine, as described by Feldberg (1951). 
Here the blocking action is on ganglia of the myenteric plexus, which are generally assumed 
to be parasympathetic relay stations. The freshly isolated ileum preparation was suspended 
in modified Tyrode’s solution in an oxygenated bath at 35° C. Responses to nicotine 
alone were compared with those obtained in the presence of a curarizing drug. Doses 
of histamine were interpolated regularly to check the condition of the preparation. For 
control purposes the effects of the drug on the responses of the ileum to histamine and 
to acetylcholine were also examined. 


Release of histamine 

The potency of the curarizing drugs in releasing histamine was investigated by four 
methods. First, by the delayed depressor action in the cat described by Macintosh and 
Paton (1949). For this purpose the cat was prepared for recording arterial blood pressure. 
Autonomic ganglia were blocked initially by one or more intravenous doses of 0.5 or 1.0 mg. 
hexamethonium iodide per kg., followed by further doses at half-hourly or hourly intervals. 
Doses of curarizing drugs were given intravenously at intervals of 20-30 minutes. Mepy- 
ramine maleate (‘‘Neonantergan”’) was used to antagonize histamine in some experiments. 
Secondly, the release of histamine from the rat diaphragm in vitro was investigated by the 
method of Rocha e Silva and Schild (1949). One or more diaphragms, removed from 
freshly killed rats, were cut in half, weighed, and soaked in oxygenated Tyrode’s solution 
at 37° C. for 30 minutes. One half of each diaphragm was then transferred to a 1 in 2,000 
solution of d-tubocurarine chloride. The other halves were placed in solutions of either 
1 in 2,000 laudolissin or Compound 15 or 1 in 1,000 d-tubocurarine or in Tyrode’s solution. 
The histamine released was estimated by means of the guinea-pig ileum preparation. 

In a third method of investigating release of histamine, we utilized the broncho- 
constriction that this substance causes in the guinea-pig. A guinea-pig, anaesthetized with 
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pentobarbital sodium (‘‘Nembutal’’), was pithed and maintained by artificial respiration 
from a Palmer’s “‘ Ideal’? pump. By means of a hook and thread the sternum was con- 
nected with a lever so as to record its excursions on smoked paper. In response to graded 
doses of histamine of the order of 1-20 wg. per kg. graded depressions of the excursions 
of the chest wall were obtained, attributable to broncho-constriction. A similar response 
was obtained to intravenous injection of a known histamine-liberator (Compound 48/80; 
see Paton, 1951). 

Fourthly, liberation of histamine was assessed by weal formation in human skin. 
Intradermal doses of 0.04 ml. of drugs dissolved in saline and adjusted to pH 6.8-7.2 were 
administered to two normal subjects. Two to three injections of the test compound and of 
d-tubocurarine were given at two to three dose levels on the volar surface of the forearm 
of each volunteer, as illustrated in the preceding paper (Collier, 1952). Maximal weal 
areas were outlined in ink and measured on squared paper either by counting squares, as 
described by Bain, Broadbent, and Warin (1949), or by cutting out and weighing the paper. 
Since MacIntosh and Paton have reported that, after intradermal injection of a histamine 
liberator, the skin remains refractory for at least 24 hours, experiments of this type were 
conducted at intervals of four or more days. Promethazine hydrochloride (‘‘Phenergan’’) 
was taken by mouth to antagonize histamine in two experiments. 


RESULTS 

The curarizing activity of laudolissin 

Mode of action and relation to other drugs.—After a fully effective dose of 
laudolissin in the cat, the tibialis fails to respond to stimulation of its motor nerve. 
The muscle remains excitable and contractile, however, since a direct stimulus pro- 
duces a normal twitch. This suggests that the paralysis by laudolissin is due to 
neuromuscular block. The following facts indicate that laudolissin is a true curarizing 
agent. First, administration to the chick produces, as does d-tubocurarine, a flaccid 
paralysis, distinct from the spastic paralysis produced by decamethonium (Buttle 
and Zaimis, 1949). Secondly neostigmine, and thirdly succinylcholine, antagonize 
the paralysing action of laudolissin, as they do that of d-tubocurarine. Fourthly, 
ether, which antagonizes paralysis caused by decamethonium, potentiates those 
caused by laudolissin and d-tubocurarine. 


The fact that neostigmine antagonizes laudolissin is shown by the following 
experiment. The EDSO of laudolissin was determined in a group of 20 rabbits. On 
the following day the EDS50 of the same drug was determined in the same animals 
immediately after giving a dose of 50 ug. neostigmine methosulphate per kg. On the 
third day the EDSO of the group was again determined without neostigmine. By this 
method we found that 50 ug. of neostigmine raised the EDSO of laudolissin in the 
rabbit by a factor of 1.54, and of tubocurarine by 1.57. In both experiments the 
EDSO on the third day was the same as that on the first day; and therefore the 
possibility of cumulative effects influencing the results can be excluded. Neostigmine 
also antagonizes laudolissin in man (Bodman, 1952) and the cat. 


Succinylcholine chloride (‘‘ Scoline ’’), which acts like decamethonium by depolari- 
zation at the motor end plate, itself produces a very brief neuromuscular block. We 
have observed its antagonism to laudolissin in experiments on the cat tibialis pre- 
paration, one of which is illustrated in Fig. 1, which shows the effect of succinyl- 
choline on the course of recovery of the tibialis twitch of the cat from a fully effective 
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Fic. 1.—-Cat, chloralose. Effect of succinylcholine on recovery of tibialis from 100°% depression 
caused by 300 yg. laudolissin per kg. At 4 succinylcholine given. 


dose of laudolissin. It will be seen that a moderate dose of succinylcholine imme- 
diately increased the twitch and hastened recovery. A larger dose of succinylcholine 
first increased the twitch, then produced deeper paralysis, followed by a more rapid 
recovery. We have also observed a similar antagonism between succinylcholine and 
d-tubocurarine. 

Experiments performed in mice on the effect of ether and of thiopentone sodium 
on the toxicity of laudolissin are summarized in Table I. It will be seen from the 
Table that when mice were exposed to an effective dose of ether vapour, immediately 
after injection of laudolissin, the toxicity of the latter compound was almost doubled. 
It can also be seen from this Table that administration of an effective dose of 
thiopentone immediately before laudolissin had no effect on the toxicity of the 
curarizing compound. 

TABLE I 
EFFECT OF ETHER AND OF THIOPENTONE ON THE TOXICITY OF LAUDOLISSIN TO MICE 











Dose of Dose of 
No. mice laudolissin per enya thiopentone | No. mice killed 
(ug. per kg.) , (mg. per kg.) 

10 400 — — 2 
10 450 | a — 6 
15 — 30 _ 0* 
20 200 30 _ 6 
20 300 30 _ 17 
20 400 ae ma | 4 
20 550 — — 15 
20 — — 20 4 
20 400 _ 20 

20 550 -— 20 14 





* All mice narcotized. 
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Curarizing potency in various species.—Experiments showed that successive doses 
of laudolissin at intervals of 20 or 30 minutes exerted a cumulative effect on the 
depression of the cat tibialis muscle. On the other hand, doses administered at hourly 
intervals did not generally exert a cumulative effect. Accordingly, the potency of 
laudolissin and other drugs in depressing the tibialis twitch was estimated by giving 
doses at hourly intervals. This precaution was not adopted in previous preliminary 













TABLE Il 
PARALYSING ACTIVITIES AND TOXICITIES OF LAUDOLISSIN, d-TUBOCURARINE, AND COMPOUND 15 INTRAVENOUSLY 
































IN VARIOUS SPECIES. IN BRACKETS NUMBER OF ANIMALS USED. VALUES IN #G. PER KG. + STANDARD ERROR 
Mouse Rat Rabbit 
Drug ne eee ———- 
EDSO EDSO LDS5O EDS0O LDS50O 
Laudolissin methosul- 
phate .. as .. | 276+8.54 (540) 1,329+31 (30) | 2,269+58 (40) 28.5+1.56 (155)  48+5.20 (56) 
d-Tubocurarine chloride , 81-+4.02 (150) §2+2.23 (52) 105+7.27 (30) | 94.0+7.25 (47) 168 +9.27 (22) 
Compound 15 iodide .. 288+11.3 (160) 1,059 +44 (22) 1,534+-35 (20) 19.0+1.01 (123) 42 +4.93 (55) 
TABLE III 
DURATION AND POTENCY OF LAUDOLISSIN, d-TUBOCURARINE, AND COMPOUND 15 IN CAT 


TIBIALIS PREPARATION. DATA FOR ALL DOSES CAUSING >74 AND <100°% DEPRESSION OF 
NORMAL TWITCH TENSION 

















| Duration Mean Mean 
Cat Dose | — | 2% dose Poa | duration 
No. Drug (ug./kg.) tibialis a (og. /kg.) sion vue 
(%) (min.) | error (%) error 
5 Laudolissin 100 76 20.75 
6 100 94 36.5 
7 100 83 35.5 | | | 
8 200 99.9 22.75 142 | 89.4 | 30.78 
y 200 93 18.0 | +26.35 | +3.59 
10 300 98.5 32.5 
11 75 97 53.75 | 
11 50 | 681 27°5 
12 150 | 82 29.75 
| | d-Tubocura- | 300 75 i; 14.5 
1 rine | 300 86 | 21.0 
4 | | 150 75 | 223 
5 150 | 99 | 15.25 236 87.5 | 20.17 
8 225 97 16.25 +23.24 +2.72 
8 200 | 77 | bis ! 
10 350 98 | 29.0 
11 250 | @8S | 33.75 
12 200 |—so95 | 28.0 
2 Compound | 150 | 87 | 5.25 
3 | 15 100 | 86 | 2s | 
3 90 | §87 19.0 | 
4 | 150 | 99 3.5 148 | 90.2 | 54 
9 6.2 +2. 
10 0.7 
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estimates, which are probably somewhat too high (Collier, 1951). In another series 
of experiments, doses of laudolissin and other curarizing drugs were given daily to 
rabbits. No cumulative effect was seen. 

Estimates of the potencies and toxicities in various animal species of the curarizing 
drugs under consideration are given in Table II. It will be seen that both synthetic 
compounds are more active than tubocurarine in the rabbit and less active in the 
mouse and rat. The figures for cat tibialis given in Table III show that laudolissin is 
significantly more active than d-tubocurarine (P<0.02). 

The value ae gives some indication of the relative effect of a curarizing agent 
on respiration and on co-ordination of the limb muscles. This ratio for laudolissin 
in the rat and rabbit is about 1.7, which does not differ appreciably from those for 
d-tubocurarine. 


Duration of paralysis.—Our results in the cat indicate that the paralysis produced 
by laudolissin lasts longer than that produced by doses of d-tubocurarine that depress 
the tibialis tension to the same degree. We compared the mean durations of all 
doses of laudolissin, d-tubocurarine, and Compound 15 that depressed the normal 
muscle-tension by 75 to 99.9 per cent. The durations of responses falling within the 
above limits are given in Table III. It will be seen that laudolissin is significantly 
longer (P<0.05) and Compound 15 shorter (P<0.02) in action than d-tubocurarine. 


Block of autonomic ganglia 

In three experiments, the abilities of laudolissin, d-tubocurarine, and Compound 
15 to block sympathetic ganglia were compared in the cat’s nictitating membrane 
preparation. In these, laudolissin exhibited between one-quarter and one-sixth of 
the blocking activity of d-tubocurarine, and Compound 15 was more active than 
laudolissin and less active than d-tubocurarine, as may be seen in Fig. 2. 

In experiments with the guinea-pig ileum in vitro, d-tubocurarine and laudolissin 
both depressed the response to nicotine at concentrations that were too low to depress 
the response to acetylcholine (see Fig. 3). In five comparisons of their ganglionic 
blocking activity made with this preparation, laudolissin exhibited about one-quarter 





T L 15 


Fic. 2.—Cat, chloralose. Contractions of nictitating membranes in response to electrical stimulation 
of ipsilateral cervical sympathetic. Drug injected 1 min. after end of previous, and 4 min. 
before subsequent stimulation. ——— = stimulation 24 min.; T = 0.75 mg. d-tubocurarine 
per kg. L = 3 mg. laudolissin per kg.; 15 = 1.5 mg. Compound 15 per kg. 
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Fic. 3.—Guinea-pig ileum preparation in 15 ml. bath. Effect of 20 wg. d-tubocurarine (T), 40 pg. 
laudolissin (L), and 30 ng. Compound 15 (15) on responses to 0.5 wg. acetylcholine (Ach) and 
to 10 wg. nicotine (Ni). 4 min. intervals between additions of drugs. 


to one-third of the activity of d-tubocurarine. In contrast with laudolissin, con- 
centrations of Compound 15 that depressed the nicotine response also depressed 
the acetylcholine response. But, as will be seen from Fig. 3, Compound 15 depressed 
the nicotine responses of the ileum less than did d-tubocurarine, which indicates 
that its ganglionic blocking activity in this preparation is lower than that of d- 


tubocurarine. 


Release of histamine 

When the ability to release histamine was investigated in the cat, in the rat 
diaphragm, in the guinea-pig, and in human skin, it was found that the relative 
activities of laudolissin, d-tubocurarine, and Compound 15 varied according to the 
method used. In the cat prepared for recording arterial blood pressure, with the 
autonomic ganglia blocked by hexamethonium, we found that d-tubocurarine at 
doses of 0.5 mg. per kg. caused a typical delayed depressor response, as described 





Fic. 4.—Cat, chloralose: blood pressure. Effects of intravenous d-tubocurarine, laudolissin, and 
Compound 15 after blocking autonomic ganglia with hexamethonium. T d-tubocurarine ; 
L = laudolissin; 15 = Compound 15; H = histamine; NaCl = 0.9% saline. Doses 
per kg. Curarizing drugs given at half-hourly intervals. 0.5 or 1 mg. hexamethonium per 
kg. given before beginning experiment and at hourly intervals. 7 








PHARMACOLOGY OF LAUDOLISSIN 405 





Fic. 5.—Cat, chloralose: blood pressure. Effect of intravenous d-tubocurarine, laudolissin, and 
histamine after blocking autonomic ganglia with hexamethonium; effect of mepyramine. 
Lettering and time intervals between doses of curarizing drugs as Fig. 4. 1 mg. hexamethonium 
per kg. given 2 min. before each dose of curarizing drug. Two doses of 0.25 mg. mepyramine 
per kg. given between D and E. 


by MacIntosh and Paton (1949). Laudolissin at double and Compound 15 at one- 
and-a-half times this dose caused no fall in blood pressure (see Fig. 4). Still larger 
doses of both compounds (3 mg. laudolissin; 2 mg. Compound 15 per kg.) pro- 
duced a slight delayed depression that lasted several minutes, as illustrated in Fig. 5. 
The depressor activity of these two compounds was removed by mepyramine maleate 
to approximately the same extent as those of histamine and d-tubocurarine. We 
conclude from these experiments that, in the cat, Compound 15 releases less hist- 
amine than d-tubocurarine, while laudolissin releases less than Compound 15. 

While we were able to confirm the observation of Rocha e Silva and Schild 
(1949) that d-tubocurarine enhances the response of the guinea-pig ileum to hist- 
amine, we found that, on the contrary, laudolissin depressed this response. For this 
reason we were unable to investigate the release of histamine by solutions of the 
synthetic drug more concentrated than | in 2,000. In a series of comparisons of the 
amount of histamine liberated by tubocurarine with that liberated by laudolissin, 
we found that laudolissin can liberate as much histamine as does d-tubocurarine 
from the isolated diaphragm of the rat, but that no quantitative comparison can 
be made; even in Tyrode’s solution there is a “‘ spontaneous” small release of 
histamine. 

When doses of d-tubocurarine were given to the pithed guinea-pig prepared for 
recording respiratory excursions of the chest-wall, we found that the largest dose 
used (30 mg. per kg.) failed to produce signs of broncho-constriction. This result 
agrees with that of de Schaepdryver (1950), who used somewhat smaller doses but 
a comparable method. Large doses of laudolissin and of Compound 15 (30 mg. 
per kg.), however, produced broncho-constriction in the guinea-pig, although this 
effect was not obtained with smaller doses. After a dose of laudolissin or Compound 
15, the guinea-pig preparation was much less sensitive to histamine. 

In the human skin, the weals and flares produced by intradermal injection of 
small quantities of laudolissin, d-tubocurarine, and Compound 15 resembled those 
produced by histamine. The areas of weals caused by these compounds and by 
d-tubocurarine were markedly reduced after oral doses of the antihistamine drug 
promethazine (‘‘ Phenergan’’), as illustrated in Table IV. These observations 
indicate that laudolissin, d-tubocurarine, and Compound 15 release histamine in 
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TABLE IV 


EFFECT OF PROMETHAZINE ON SKIN RESPONSES TO CURARIZING DRUGS 





Weal areas (sq. mm.) 


























, Intradermal F 
Subject 3-34 hr. 
es — dose (mg.) Before _ an onl 
promethazine promethazine 

H.O.J.C. Histamine 0.001 150 58 
0.004 271 85 

d-Tubocurarine 0.054 119 70 

0.216 180 84 

Laudolissin 0.108 115 39 

0.432 143 87 

Compound 15 0.0135 115 | 100 

0.054 151 93 

B.M. Histamine 0.001 71 64 
0.004 186 100 

d-Tubocurarine 0.108 117 75 

0.432 171 78 

Laudolissin 0.108 123 56 

0.432 125 78 

Compound 15 0.027 103 71 

0.108 | 191 84 





man, and confirm the findings that d-tubocurarine (Grob, Lilienthal, and Harvey, 
1947; Prescott, 1948), and Compound 15 (Bodman, 1951la) release histamine in man. 

A series of different doses of laudolissin, d-tubocurarine, and Compound 15 
was administered intradermally to two subjects. Fig. 6 is constructed from 59 weal 
areas in One subject and 51 in another obtained during a period of five months. 
It will be evident from this Figure that weal areas produced by laudolissin and 
d-tubocurarine are related to the dose. In one subject (B.M.) laudolissin proved to 
exert about one-half and in the other (H.O.J.C.) about one-quarter of the histamine- 
releasing activity of d-tubocurarine. In human skin, in contrast to the cat, Compound 
15 released considerably more histamine than d-tubocurarine. 


DISCUSSION 


Our experiments in laboratory animals showed that Compound 15 differs sub- 
stantially from laudolissin only in the shorter duration of its curarizing action; 
while, in ability to block autonomic ganglia and to release histamine in the cat, 
Compound 15 is little more active than laudolissin. But in man Compound 15 differs 
from laudolissin by causing a much more pronounced release of histamine. Bodman 
found that Compound 15, given intravenously, produced general symptoms of hist- 
amine intoxication. When intradermal injections of Compound 15 and laudolissin were 
compared, it was found that in the human skin Compound 15 was a much more 
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Fic. 6.—£kin reactions of two human subjects to intradermal injections of curarizing drugs. Sum- 
maries of 59 (B.M.) and 51 (H.O.J.C.) observations. Diameters circles proportional to numbers 
of observations. 


potent histamine-liberator. This greater activity of Compound 15 made it unsuitable 
for clinical trials; no such objection applies to laudolissin. 

From estimating the capacities of these curarizing drugs to release histamine in 
different species, we were struck by the extent to which their histamine-releasing 
potencies varied from species to species, just as their curarizing potencies did. It 
follows that, before clinical trial, it is as necessary to assess the capacity of a new 
compound to release histamine as it is to assess its curarizing activity in volunteers. 

The antagonism of laudolissin by succinylcholine raises interesting clinical 
possibilities. After a dose of laudolissin has been given to a patient, the situation 
may arise in the recovery phase when a brief intensification of relaxation is needed. 
In these circumstances succinylcholine would seem to be the drug of choice, since a 
large dose of this compound may be expected to produce a deeper relaxation, soon 
followed by a recovery from laudolissin that is sharper than normal. The possibility 
also exists of using succinylcholine in smaller doses as an antagonist of laudolissin 
and d-tubocurarine. There would seem to be no objection to giving succinylcholine 
as a relaxant (e.g. for intubation) a few minutes before a dose of laudolissin, though 
a slightly higher dose of the latter compound might be required. 

Both laudolissin and Compound 15 possess more curarizing activity than d- 
tubocurarine in the rabbit and cat, and less in man (see Bodman, 1952). Taking into 
account Bodman’s findings, the order of sensitivity of different species to laudolissin 
may be stated as follows: 

Rabbit > Cat > Man > Mouse > Rat 
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SUMMARY 


1. Laudolissin and Compound 15 are synthetic curarizing agents. They are 
more potent than d-tubocurarine in the rabbit and cat, and less potent in the mouse 
and rat. : 

2. In equipotent doses laudolissin is longer-acting and Compound 15 shorter- 
acting than d-tubocurarine when tested on the tibialis anticus of the cat. 

3. Paralysis caused by laudolissin or by Compound 15 is antagonized by neo- 
Stigmine. After laudolissin or d-tubocurarine, small doses of succinylcholine hasten 
recovery, while larger doses cause paralysis followed by more rapid recovery. Both 
laudolissin and Compound 15 act synergistically with ether, while their toxicities 
are unaffected by thiopentone. 

4. Laudolissin blocks autonomic ganglia less readily than Compound 15, which 
in turn blocks ganglia less readily than d-tubocurarine. 

5. In man laudolissin releases less and Compound 15 considerably more hist- 
amine than d-tubocurarine. In the cat laudolissin releases less histamine than 
Compound 15, which in turn releases less than d-tubocurarine. In the rat dia- 
phragm in vitro, both drugs release histamine, and in the guinea-pig both appear 
to be slightly more potent histamine-liberators than d-tubocurarine. 


We should like to thank Miss M. P. Hatton for technical assistance. We are indebted 
for much valuable advice at various stages of this work to Drs. B. D. Burns, W. Feldberg, 
F.R.S., J. A. B. Gray, H. O. Schild, and E. J. Zaimis. We have to thank the directors 
of Messrs. Allen and Hanburys Ltd. for permission to publish this work. The samples 
of laudolissin and Compound 15 were prepared by Dr. E. P. Taylor. A sample of gallamine 
triethiodide was kindly supplied by Messrs. May and Baker Ltd., and of Compound 48/80 
by the Wellcome Research Laboratories. 
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This paper is concerned with evaluating in conscious volunteers two synthetic 
muscle-relaxants described by Taylor and Collier (1950, 1951). They are deca- 
methylene bis-(1: 2: 3: 4-tetrahydro-6: 7: 8-trimethoxy-2-methylisoquinolinium) di- 
iodide [Compound 15] and decamethylene bis-[1: 2: 3: 4-tetrahydro-6: 7-dimethoxy- 
1-(3’: 4’-dimethoxybenzyl)-2-methylisoquinolinium] dimethosulphate [Compound 20, 
which has been named “ Laudolissin ’’]. The chemistry of these drugs is described 
by Taylor (1951, 1952), and their pharmacology by Collier and Macauley (1952) 
in another paper in this journal. 

Previous attempts to assay muscle-relaxants in man were made when Organe, 
Paton, and Zaimis (1949) introduced decamethonium iodide and when Mushin, 
Wien, Mason, and Langston (1949) described gallamine triethiodide. Since then 
an exhaustive study of these two drugs, of d-tubocurarine, and of its dimethyl ether 
has been made in volunteers by Unna, Pelikan, Macfarlane, Cazort, Sadove, Nelson, 
and Drucker (1950) and by Unna, Pelikan, Macfarlane, and Sadove (1950). 

The experiments described here differ from those done by Organe et al. and 
Mushin et al. with decamethonium iodide and gallamine triethiodide, in that an 
attempt was made to reproduce in man the quantitative experiments already carried 
out in animals. d-Tubocurarine has been investigated in the same way to afford 
a comparison. 

It is clearly desirable to study a new muscle-relaxant in conscious volunteers 
before injecting it into the anaesthetized patient. The findings provided by the 
pharmacologist relate to animals and he cannot foretell what species differences 
may occur in man. On the other hand, although the clinical anaesthetist can detect 
the quality of such variations, he can only arrive at an impression of the drug’s 
properties after considerable experience in its use. Collier (1951) discusses the 
properties required by a muscle-relaxant for clinical use, and Doughty (1951) has 
listed the information an anaesthetist needs before using such a drug. 

The properties of a muscle-relaxant fall into two groups. First are the charac- 
teristics relating to its relaxing properties, i.e., potency, duration of action, relative 
effect on respiratory muscles, and antagonism by a suitable drug. Second are 
the side-effects, such as the release of histamine and the blocking of sympathetic 
or parasympathetic ganglia. 

METHODS 


The methods used were designed first to compare the power of Compound 15 and 20 
and of tubocurarine to paralyse the flexor muscles of the hand, and secondly to measure 
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their effect on the respiratory muscles, special attention being paid to any disparity in the 
effect of the drugs on these two groups of muscles, which might be called “ sparing of 
respiration.” 


Effect on hand-grip.—The volunteers were healthy young men, lying at rest on a couch. 
The strength of the right hand-grip was measured by compressing a rubber bulb of convenient 
size (5 cm. diameter) connected to a mercury manometer, 150 cm. high. In the experiments 
on Compound 15 the system used was precisely the same as that of the clinical sphygmo- 
manometer; after a number of squeezes with the right hand, a height was reached which 
represented the maximum pressure that the volunteer could apply to the bulb. It was 
thought, however, that this method might cause unnecessary fatigue, so the system was 
modified for the tests on Compound 20 and tubocurarine. For these experiments, a plain 
bulb with no valve was connected to the manometer and the bulb and rubber tubing filled 
with water; the relative incompressibility of the water allowed the mercury to be raised 
to the maximum height by a single pressure of the hand. The mercury tended to oscillate 
when the grip was first tightened, so that it rose to a peak and then fell 5 or 10 cm. toa 
steady level; the latter point was taken as the reading. Attempts to damp the oscillation 
of the mercury resulted in alterations in the response at high dosages, because this intro- 
duced a time factor and the hand, when weakened by a curarizing agent, was unable to 
maintain its pressure long enough to raise the mercury to the undamped level. With 

experience on the part of the volunteer 
Time (min) 0 5 10 15 20 25 #30. and observer, reasonably consistent read- 
T T ’ y r ings, not deviating more than 5 per cent 
from their average, were obtainable in the 











2 100 _ preliminary trials before the injection of the 
E relaxant. The results tabled below fall 
Y 809 within a limit of 15 per cent from the 
= regression lines for each series, which is 
~~ satisfactory in a biological experiment of 
E: 60 this sort. 
ia Readings were taken strictly at two 
> 40 minute intervals; this timing was found 
S necessary in order to eliminate the effects 
2 20 of fatigue. Five preliminary readings were 
taken and the drug was injected intraven- 
0 ously in a single dose, in less than three 
seconds, between the fifth and sixth reading. 
o oF ; The average of the five preliminary 
: 7 readings was taken as the volunteer’s 
= ALR! normal strength. The depression in grip 
a2 O¢ strength to the single lowest reading after 


injection of the drug was expressed as a 
percentage of the normal. Thus, if the 





SU average of the preliminary readings was 
re "eee | | 105 cm. Hg, and the weakest effort after 
a | the injection was 17 cm. Hg, this was 
= ee represented as 84 per cent depression of the 
E - | hand-grip: a dose-response curve was thus 


constructed for the drug concerned. 
3000 ! ! , - 1 By plotting strength of hand-grip 
Fic. 1.—Effect of d-tubocurarine on hand-grip, against time, during the loss and return of 
pulse rate, and maximum inspiration. power (see Fig. 1),-it was possible to 
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estimate the duration of action of the drug. This was measured as the time taken between 
losing and regaining 75 per cent of the normal power of the hand (equivalent to the ¢,, of 
Unna et al.), in those experiments where more than 40 per cent paralysis occurred. 

In some experiments neostigmine was injected intravenously immediately before the 
first preliminary trial, so that a period of ten minutes elapsed between the injections of 
neostigmine and the relaxant. It was thought more satisfactory to give the neostigmine 
beforehand, for two reasons: First, it makes certain that the neostigmine is acting effectively 
when the maximal paralysis occurs, i.e., within 3-5 minutes of injecting the relaxant. 
Secondly, it allows larger doses of relaxant to be given without causing undue apprehension 
to the volunteer, who need not worry that he might become apnoeic before the neostigmine 
takes effect. 

Effect on respiration —The function of the respiratory muscles was measured on a 
recording spirometer; after each test of the hand-grip a mask was placed over the face, 
and after three normal quiet respirations the volunteer took a maximum inspiration. 
This measurement varied very little, rarely more than +5 per cent in the preliminary readings. 


Other effects —The volunteers were encouraged to describe their sensations during the 
experiments, and great attention was paid to their subjective feelings, so that warning of 
possible side-effects might be obtained. The volunteers were able to talk throughout 
all these experiments (Bodman, 1951b). 

Observations of pulse rate and blood pressure were made in some instances, and 
electrocardiograms were recorded in some of the experiments on Compounds 15 and 20. 

Histamine-release.—A special effort was made to estimate the release of histamine, a 
side-effect which appears to be common to all true curarizing agents. Comroe and Dripps 
(1946) observed that ‘*‘ Intocostrin’’ when injected intradermally produced a weal, and 
Grob, Lilienthal, and Harvey (1947) measured such weals and flares in a number of subjects. 
Bain, Hellier, and Warin (1948) showed that the areas of the weals and flares produced 
by histamine itself given intradermally were proportional to the log of the dose injected, 
over a wide range. Consequently, when it was suspected that the side-effects produced 
in volunteers by Compound 15 (see below) were due to histamine-release, I decided to try 
the effect of injecting these drugs intradermally. Equipotent doses of tubocurarine, 
Compound 15, Compound 20, and a saline control were injected intradermally on the 
palmar surface of the forearm just below the fold of the skin at the elbow, two drugs in 
each arm. When the weals reached their maxima, and before they lost their discrete 
contours—between 10 and 15 minutes after injection—they were ringed with a ball pen. 
These rings were transferred to millimetre squared paper by wiping this with surgical spirit 
and gently pressing it down over the weals. The squares within the contours were counted 
and the results are given in Table I. 

TABLE I 


WEAL AREAS AFTER INTRADERMAL INJECTIONS OF TUBOCURARINE (TC), COMPOUND 15, AND 
COMPOUND 20 IN 0.05 ML. SALINE AND SALINE CONTROL 





Drug and dose 








— TC “is” | “20” al 

0.1 mg. 0.33mg. | 0.2 mg. ae 

HM. 56 78.5 | 59 28.5 
IW. 60 | 144.5 | 16 | 29 
SS. 58.5 | 109.5 | 67.5 | 19 
R.B. 94.5 165.0 87 | 41 
PB. 104 144.5 110.5 | 25 
IL. 74 / 103.5 | 78 | 0 














412 RICHARD I. BODMAN 


RESULTS 
Compound 15 (decamethylene bis-(1: 2: 3: 4-tetrahydro-6: 7: 8-trimethoxy-2-methyliso- 
quinoline) di-iodide) 

Compound 15 was the first drug to be investigated in this series. Doses from 
1 to 20 mg. were given to volunteers in nine experiments (Bodman, 195la). The 
larger doses gave rise to symptoms such as “ pins and needles,” flushing, palpitations, 
and headache; but no depression of hand-grip was produced until a dose of 
260 yug./kg. body weight caused a depression of 57 per cent, but with this dose 
symptoms were intolerable. By comparing this single result with those for tubo- 
curarine (Fig. 3) it will be seen that a dose of 80 ug./kg. of d-tubocurarine would be 
likely to produce the same depression of hand-grip. The ratio of the potency of 
Compound 15 to tubocurarine is therefore roughly 0.3-1.0. 

A tachycardia of more than 160 per min. was recorded with Compound 15, 
although no changes were detected in the electrocardiogram. It was decided to 
abandon the use of this drug on account of the severe side-effects, which were 
thought to be due to the release of histamine. The difference in weal areas produced 
by Compound 15 and those produced by Compound 20 and tubocurarine (Table I) 
is highly significant (P<0.01). The weals produced pseudopodia and caused itching, 
which confirms the opinion that they were due to histamine-release. There is little 
doubt that Compound 15 in equipotent doses releases more histamine than either 
tubocurarine or Compound 20. 

Compound 20 (decamethylene bis-[{1: 2: 3: 4-tetrahydro-6: 7-dimethoxy-1-(3': 4'-di- 
methoxybenzyl)-2-methylisoquinolinium] dimethosulphate) 

Compound 20 and tubocurarine were compared as regards potency, antagonism 
by neostigmine, duration of action, effect on respiratory muscles, release of histamine, 
and other side-effects. 

Table II presents the results of 11 experiments with Compound 20; doses less 
than 10 mg. produced no depression of hand-grip. In four experiments the effect 
of 1.0 mg. neostigmine is shown. In Table III the results of 13 experiments with 


TABLE II 
EFFECT OF COMPOUND 20 ON HAND-GRIP AND MAXIMUM INSPIRATION 











. Duration ‘ 

Compound Maximum ° % reduction 

Exp. No. Subject 20 (. —. depression of Pn of maximum 

(mg.) HB-/K8. hand-grip % mth inspiration 
15 T.R.S. 11 120 25 : 0 
16 W.E.A. il 139 43 7.5 0 
17 R.L.B. 12 156 | 48 11.5 0 
18 W.E.A. 12.5 158 60 9.5 0 
19 R.LB. | 12.5 162 84 19 ~e 
20 W.EZ.A. ° 14 178 88 17 0 
21 R.I.B 15 195 100 27 34 
22 T.R.S. 12.5 138 0* 0 
23 R.1.B. 14 182 | 16* ¥ 0 
24 R.I.B. 15 195 47.5* 8 ‘ 
25 R.LB 17 220 67* 18 13 





* 1 mg. neostigmine 10 min. before Compound 20. 
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TABLE III 
EFFECT OF TUBOCURARINE ON HAND-GRIP AND MAXIMUM INSPIRATION 

d-Tubo- — Maximum Duration | % reduction 

Exp. No. Subject curarine ( = rt y | depression of of 25% =| of maximum 

(mg.) | \HB./KB. hand-grip % | depression | inspiration 
26 R.1LB. | 4.5 59 15 oi | ‘ 
27 2«| WEA. ‘., 64 | ~~ 34 | if 
28 R.LB. 5.5 tl 49.5 | 3S ree 
29 R.LB. 6 79 | 6) 7 0 
30 W.E.A. | 6.5 t5 59 6 | - 
3 | R.LB. 7 92 74 10.5 | 0 
32 W.E.A. 7.5 | 100 84 95 | 0 
33 | W.E.A. 8 | 106 100 12.5 | 0 
34 | R.LB. i 92 0* es 
35 | R.LB. 8 | 105 17* | - 
36 RIB. | 9 | 118 | 26* | | 0 
37 | RB. | Ss | we 32.5* | » | 0 
380 || CORB. 10 =| ~~ :132 64* 6.5 | 0 





* 1 mg neostigmine 10 min. before tubocurarine. 


tubocurarine are given in the same way. These results are expressed graphically 
in Figs. 2 and 3. In Fig. 4 the percentage depression of hand-grip has been plotted 
against the duration of 25 per cent depression for three doses each of tubocurarine 
and Compound 20, in two volunteers. 

Potency.—It will be seen from Figs. 2 and 3 that the dose of Compound 20 
which causes 50 per cent depression of the hand-grip is 146 yug./kg., and that of 
tubocurarine is 76 yg./kg., from which it may be concluded that the ratio of the 
potency of Compound 20 to tubocurarine is 0.52 to 1. 

Antagonism by neostigmine.—In both Figs. 2 and 3 the injection of neostigmine 
before the relaxant has resulted in a shift of the curve to the right, which demon- 
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strates that both these drugs are antagon- 
ized by neostigmine. Although the results 
were not subjected to an analysis of 
co-variance, it appears from the graphs 
that the potency of tubocurarine is 
lowered by neostigmine by a factor of 
1.7; that of Compound 20 by a factor 
of 1.4 (both at the 50 per cent depression 
of hand-grip level). 


Duration of action—On the basis of 
an analysis of co-variance, which was 
carried out on these data, it appears that 
the duration of depression, corrected for 
differences in dose, does not differ signifi- 
cantly, if we take as a standard the 
conventional level of probability. But the 
difference is sufficiently great to be signi- 
ficant at approximately the 10 per cent 
level. The two volunteers involved 
showed different sensitivities to tubo- 
curarine and Compound 20 as regards 
the duration of action (Fig. 4), and this 
may account for the difference in the 
average response being too small at the 
5 per cent level of significance. 


Effect on respiratory muscles——No 
reduction in the maximum inspiratory 
effort occurred in any experiment which 
caused less than 100 per cent depression 
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of the hand-grip when neostigmine was not used. In one experiment (No. 25) a dose 
of Compound 20 (17 mg.), sufficient to produce 100 per cent depression of the 
hand-grip when given alone, was given after 1 mg. neostigmine, and caused a 
reduction of 13 per cent in the maximum inspiratory effort. 


Release of histamine.—The results in Table I show no significant difference in 
the amount of histamine released by equipotent doses of Compound 20 and 
d-tubocurarine. 

Other side-effects.—Subjectively, neither Compound 20 nor d-tubocurarine 
produced any of the symptoms seen with Compound 15, i.e., flushing, “‘ pins and 
needles,”’ palpitations, and headache (Bodman, 195la); nor was any change in 
the pulse rate or blood pressure seen after the injection. 

An account of a new relaxant would not be complete without some reference 
to its effect on the autonomic nervous system. Gallamine triethiodide causes a 
tachycardia by blocking the vagus (Marbury et al., 1951). Win 2747, on the other 
hand, is reported by Arrowood (1951) to cause salivation, and this may be a para- 
sympathomimetic effect. In this series of experiments none of the above effects 
has been detected after either Compound 20 or tubocurarine. On the other hand, 
the parasympathomimetic effects of neostigmine—bradycardia, salivation, and 
abdominal cramps—were well marked, even with the small doses used in these 
experiments. 

The volunteers could detect no difference between tubocurarine and Compound 
20, except perhaps in the larger doses, when the longer duration of action of 
Compound 20 became apparent 


DISCUSSION 


It has been demonstrated that the undesirable side-effects of Compound 15 
are most probably due to the release of histamine. These effects are severe enough 
to make the drug clinically useless. 

Compound 20 has properties very similar to those of d-tubocurarine. It paralyses 
voluntary muscle without initial stimulation and it is antagonized by neostigmine. 
There seems little doubt that its action is a true curarizing one. In doses of equal 
potency the effect of Compound 20 lasts a little longer than that of tubocurarine, 
and there is hardly any difference in the amount of histamine released by the two 
drugs. Finally, Compound 20 and tubocurarine are practically indistinguishable 
subjectively. 

I do not wish to discuss the merits of the hand-grip method of evaluating relaxant 
drugs. I agree with Paton and Zaimis (1950) that anomalous results may be expected 
when this method is used with drugs which have different types of action, such as 
decamethonium and tubocurarine. In this series of experiments, however, it was 
assumed from the start that the new compounds acted in the same way as tubo- 
curarine. This assumption has not been challenged by subsequent experience and 
the experimental work consisted in assaying three drugs, one known and two 
unknown, by the same method and noting the differences which occurred. 

The principle of assaying new muscle-relaxants in volunteers may be justified by 
considering the following points: (1) it avoids injecting an unknown drug into 
an unconscious human being undergoing an operation; (2) it can provide essential 
information about the properties of the drug in man with the minimum number 
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of experiments; and (3) it provides an opportunity for detecting any serious species 
variation between experimental animals and man. It may be noted that in 
exhaustive animal experiments both Compound 15 and Compound 20 appeared 
to be equally suitable for use as muscle-relaxants in man. Compound 15, however, 
has had to be discarded, whereas Compound 20 shows promise of proving a useful 
synthetic substitute for d-tubocurarine and is now being subjected to clinical 


investigation. 
SUMMARY 


1. The results of assaying two synthetic muscle-relaxants in conscious volunteers 
are described. They are decamethylene bis-(1: 2: 3: 4-tetrahydro-6: 7: 8-trimethoxy- 
2-methylisoquinolinium) di-iodide (Compound 15) and decamethylene bis-(1: 2: 3: 4- 
tetrahydro-1-(3’: 4’-dimethoxybenzyl) -2- methylisoquinolinium) dimethosulphate 
(Compound 20 or “ Laudolissin ”’). 

2. Compound 15 was found to be unsuitable for clinical use, as it released an 
excessive amount of histamine. 

3. Compound 20 was found to be very similar in its actions and lack of side- 
effects to d-tubocurarine. The ratio of the potency of Compound 20 to tubo- 
curarine is approximately as 0.5 to |, when measured by the reduction of hand-grip. 
The duration of action of Compound 20, measured in the same way, is longer than 
that of tubocurarine. It is antagonized by neostigmine. 

4. The amount of histamine released by Compound 20 on intradermal injection 
was no more than that released by an equipotent dose of tubocurarine. No other 
side-effects were detected. 

5. In view of the satisfactory results of these experiments with Compound 20, 
a clinical trial of the drug is now being undertaken. 


I must thank the members of the Departments of Anaesthetics at St. Thomas’s Hospital 
and the Bristol Royal Hospital for volunteering for the experiments. I am grateful to 
Dr. G. Herdan of Bristol University for help with the statistics. 

| am indebted to Messrs. Allen and Hanburys for supplying Compound 15 and 
Compound 20 (“ Laudolissin ”’). 
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This study is one of a series in which an attempt has been made to explain, as 
far as possible in physicochemical terms, the distribution of certain pharmacological 
properties amongst isothioureas and other organic bases of simple structure. 

It has been shown in earlier papers (Fastier and Smirk, 1943, 1947; Fastier, 
1944, 1948, 1949) that, whereas a variety of bases of formula X¥-C(: NH)NH, resemble 
one another closely in their pharmacological properties, substitution of a non-basic 
or of a feebly basic group for the ionized amidine group (1) of an active compound 
abolishes distinctive properties like pressor and adrenaline-potentiating activity. 


/NHa /NH:z 
(I) —C 4 (1) CH:S-C 

“NH, NH, 
Even when the amidine group is preserved, the introduction of substituents into it 
generally reduces activity and often removes it entirely. The chemical structure of 
the side-chain X does not seem to be of much importance so long as the compound 
ionizes freely to give a kation of small size. Yet merely lengthening a side-chain, 
as in higher homologues of S-methyl-isothiourea (II), affects pharmacological 
activity profoundly. 

Thus it would appear that physical as distinct from purely structural attributes 
play a large part in determining activity. Fastier and Reid (1948) therefore suggested 
that the quantitative differences in the effects of S-methyl-isothiourea and its homo- 
logues might be due to differences in their distribution between the bulk aqueous 
phase, in which their concentration is measured, and the phase in which they combine 
with the cell receptors—the ‘* biophase.”’ Subsequently, Fastier and Hawkins (1951) 
compared the inhibitory effects of these isothioureas on the amine oxidase activity 
of acetone-dried rabbit liver powder. Lengthening the S-alkyl chain up to ten carbon 
atoms caused a gradual but ultimately very considerable increase in inhibitory 
activity. .The water-insolubility of their enzyme preparation enabled them to show 
that the inhibition produced by a long-chain isothiourea is far more difficult to 
reverse by repeated washing and centrifugation of a treated specimen than that 
produced by an equi-inhibitory concentration of a short-chain isothiourea. This 
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finding supports the view that long-chain isothioureas are distributed more favour- 
ably than their lower homologues between external phase and biophase; the hydro- 
phobic properties of long-chain alkyl groups would ensure that a smaller proportion 
of the compound was removed from the biophase with each washing. 

The experiments now to be described extend these observations. They were 
performed mainly in order to discover to what extent differences in the effects of 
S-alkyl-isothioureas on some more complex biological systems can be explained by 
supposing that the derivatives which produce the most striking pharmacological 
effects are those which would be expected (on physicochemical grounds) to attain 
the highest concentration in the biophase for a given concentration in the aqueous 
phase. 

METHODS 

In the main set of experiments with rabbit intestine, short strips of ileum were suspended 
in constantly aerated Ringer-Locke solution at 37° C. in an organ bath of the type described 
by Burn and Dale (1922). The apparatus used for the ‘** constant flow ”’ experiments has 
been described previously (Fastier and Reid, 1949). It was so constructed that a constant 
stream of Ringer-Locke solution entered a small organ bath, from which it escaped by 
overflow. The Ringer solution was oxygenated, and drug solutions were added to it, before 
it entered the organ bath. 

For organ bath experiments with guinea-pig ileum, the apparatus described by Gaddum 
and Lembeck (1949) was used. This permitted the contents of the bath to be changed 
automatically. Over a 125 sec. cycle there were washings at 30 sec. and 120 sec. The stimu- 
lant drug (e.g. histamine), when washed into the organ bath automatically in known con- 
centration, remained for 30 sec. in contact with the strip, which then had 90 sec. for recovery 





























Fic. 1.—IJsolated rabbit lung preparation (schematic). The lungs L are suspended in the glass ** thorax ”’ 
G, which is immersed in the constant temperature bath B. Pressure changes in G, effected by 
the artificial respiration pump P,, are measured by the water manometer M,. Consequent 
changes in intratracheal pressure are recorded by means of the float recorder F connected to 
the tracheal cannula c,. The lungs are kept alive by pumping oxygenated Ringer solution 
from the reservoir R into the pulmonary artery cannula c, by means of the constant output 
pump P,. M, measures the perfusion pressure. Accumulation of the perfusate in G is avoided 
by connecting the sharp-pointed tube O to a finely adjustable filter pump. 
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in fresh Ringer-“yrode solution before the next cycle. In those experiments in which the 
stimulant drug was given in varied doses, it was injected into the bath immediately after 
the second washing of the cycle. Its time of contact with the strip was thus approximately 
30 sec. The time for recovery (90 + n. 125 sec.) varied; large doses were never given in 
successive cycles. In order to ensure that the temperature of the Ringer solution entering 
the organ bath did not alter appreciably, each reservoir was connected to the organ bath 
by a long narrow glass coil placed in the outer bath, which was normally kept at a tem- 
perature of 34° C. The height of the reservoirs was such that the volume of fluid flowing 
past the strip in the 5 sec. taken for a washing was about five times the volume of the organ 
bath (2 ml.). 

Pithed rat hind-quarters were perfused at a constant rate with Ringer-Locke solution 
that had been aerated with oxygen containing 5 per cent carbon dioxide, as described by 
Fastier and Smirk (1947). S-Alkyl-isothiourea salts were dissolved in Ringer-Locke solution 
to give the dilutions specified. The compounds tested were some of those used for previous 
studies. 

The apparatus employed for an isolated rabbit lung preparation is illustrated in Fig. 1. 
Ringer-Locke solution containing 0.1 per cent gelatin was used as the perfusing medium. 
It was pumped through the lungs at a constant rate of about 30 ml./min. by a rotary pump. 
The pressure within the glass “ thorax ’’ was varied within a range of 5-8 cm. of water. 
Similar techniques have been described by Daly (1927), von Euler (1932), and others. 


RESULTS 


Experiments on isolated rabbit intestine 

According to the length of the S-alkyl chain, isothioureas of formula CH,(CH.),, 
S.C(: NH)NH, either raised or lowered the tone of ileal strips when added to the 
organ bath to give a concentration of M/10,000. Typical results are illustrated in 
Fig. 2a. Only the first four members of the series increased tone regularly. S-n- 
Amyl- and S-n-hexyl-isothiourea produced irregular effects; sometimes they in- 
creased tone but more often they lowered it. Purely depressant effects were obtained 
with S-n-heptyl-, S-n-octyl-, S-n-nonyl-, and S-n-decyl-isothiourea in this concentra- 
tion. Still higher members of the series were not sufficiently soluble for their effects 
to be compared with those of the above. 

Similar results were obtained when the test concentration was M/100,000. S- 
Methyl-isothiourea and its nearer homologues increased tone, if they had any effect 
at all, whereas S-n-heptyl-isothiourea and higher homologues decreased tone and 
reduced the sensitivity of the strip to such agents as histamine and acetylcholine. 
As the series was ascended, it became increasingly difficult to reverse the depressant 
effect of an isothiourea by repeatedly washing the muscle with plain Ringer-Locke 
solution. ; 


** Constant flow’ experiments.—These were performed to see if there was any 
obvious relationship between the direct effects of isothioureas on muscle tone and the 
changes which they produce in sensitivity to certain local hormones. 

The effects of S-alkyl-isothioureas alone were not dissimilar to those obtained 
with the ordinary organ bath technique. Apparent differences (cf. Figs. 2a and 25) 
can be attributed to the fact that when a constant flow technique is used, the con- 
centration of isothiourea in the bath does not remain constant; it will rise rapidly 
within a second or two of the injection of the drug into the tube supplying Ringer 
solution to the bath, then fall away more gradually as fresh Ringer solution is pumped 
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forward. Fig. 2b shows that the injection of 0.1 ml. of 0.1 M- S-n-amyl-isothiourea 
(C,) caused a brief rise in tone followed by a more lasting fall. Such a response 
indicates that moderate concentrations of S-n-amyl-isothiourea raise. tone, whereas 
high concentrations lower it. In accordance with this view it was found (i) that 
the injection of a small dose (0.1 ml. of an 0.1 M solution) produced only a rise in 
tone, and (ii) that as dosage was increased the depressant stage became more and 
more pronounced. Near homologues of S-n-amyl-isothiourea were also found to 
have a dual action on muscle tone, but there was no indication of stimulation with 
any of the doses of S-n-nonyl- or S-n-decyl-isothiourea that were tried. 

While these major changes in tone were taking place, the sensitivity of the pre- 
paration to such agents as acetylcholine and adrenaline was determined by injecting 
a small dose of one of them at 3 minute intervals, as indicated in Fig. 2c. When 
the concentration of an isothiourea was sufficiently high for it to decrease tone, the 
strip was rendered less sensitive to acetylcholine and also to histamine, nicotine, and 
potassium salts. The response to a test dose of adrenaline was also reduced, but 
possibly only because the isothiourea had already produced such a considerable 
diminution of tone that little more relaxation was possible. 

In five experiments in which a small dose of physostigmine (200 yg. of the 
salicylate) was given in between test doses of acetylcholine, it was invariably found 
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that the response to acetylcholine was increased most markedly at the time when the 
effect on muscle tone was maximal. With an isothiourea, on the other hand, the 
stage of increased tone was not accompanied regularly by an increased sensitivity 
to acetylcholine. Sometimes the effect of the latter was definitely reduced, while 
that of a test dose of adrenaline might be increased. No connexion between the 
tonus-increasing effect of an isothiourea and its effect upon sensitivity to acetyl- 
choline, adrenaline, or histamine could be detected. 


Experiments with guinea-pig intestine 

Ileal strips were taken from the guinea-pig, in preference to the rabbit, for 
quantitative experiments in order that spontaneous changes in the tone and motility 
of a strip might be avoided as far as possible. For the same reason Ringer-Tyrode 
solution was used in place of Ringer-Locke, and experiments were conducted at 
34° C. Drug solutions were introduced into the bath automatically whenever this 


was possible. 


Fic. 3.—Guinea-pig ileum. 
Contractions elicited at 
2 min. intervals by ex- 
posure to M/2,000,000 
histamine for 30 sec. 
The _anti-histamine f 8 syhonepe 
effects were all pro- 
duced’ on the one 
strip by S-n-butyl-, 
S-n-hexyl, S-n-octyl-, 
and S-n-decyl-isothio- 
urea respectively (C,, 
C., Cs, and Cio). 





Fig. 3 illustrates the effects of some S-alkyl-isothioureas on the sensitivity of guinea- 
pig ileum to a fixed dose of histamine given every 125 seconds. It can be seen that 
when the two “ plain’’ Ringer solutions which enter the bath alternately (viz., that 
containing the histamine and that used for the subsequent washing of the strip) 
are replaced by solutions containing in addition an inhibitory concentration of an 
isothiourea, a state of equilibrium is eventually reached, as judged by the constancy 
of the response to histamine. 

As sensitivity to histamine or to acetylcholine seldom altered much under these 
conditions, even in the course of hours, it was not difficult to discover equi-inhibitory 
centrations of various isothioureas by testing each at several concentrations. 
Typical figures for S-n-butyl-, S-n-hexyl-, S-n-octyl-, and S-n-decyl-isothiourea were 
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M/2,000, M/15,000, M/80,000, and m/200,000 respectively. For equi-inhibitory con- 
centrations of these isothioureas, the number of washings required for a state 
of equilibrium to be reached was not constant; the higher homologues exerted their 
full effect more slowly (Fig. 3). Likewise, when the administration of an isothiourea 
was discontinued, the original sensitivity of the strip to histamine or acetylcholine 
was regained more slowly after treatment with a long-chain isothiourea than after 
treatment with a lower homologue; two to three times as many washings with 
plain Ringer-Tyrode solution might be required in order to remove one of the higher 
homologues. The response to histamine was antagonized to a somewhat greater 
extent than that to acetylcholine. This was shown by giving alternately doses of 
histamine and acetylcholine which produced equal submaximal contractions and 
finding which of the two was antagonized more strongly by different isothioureas. 
In a further series of experiments the concentrations of both drugs were varied: 
before any isothiourea was administered, the agonist (acetylcholine, carbachol, 
histamine) was tested over a wide range of doses, the largest of which was at least 
a hundred times that needed to produce a maximal contraction. The same doses 
were then given in the presence of an isothiourea, in order to see in what way the 
concentration-action relationship for the agonist was modified by the isothiourea. 
It was found that the response of a strip to the agonist might be modified quali- 
tatively as well as quantitatively. Thus, in the presence of M/20,000 S-n-hexyl-iso- 
thiourea, the response to a dose of acetylcholine which was just sufficient to produce 
a maximal contraction of the untreated strip would be reduced by some 30-60 
per cent; the response to smaller doses would be reduced to a greater extent (Fig. 4); 
while the response to larger doses would be modified radically. When one of these 
very large doses was given, the muscle would begin to contract rapidly, but a period 
of inhibition would quickly follow (Fig. 4), then sometimes a slowly developing 
contraction. Similar results were obtained with mM/100,000 S-n-octyl-isothiourea 
and with S-n-decyl-isothiourea. In their presence it was impossible to reproduce 


Cg. M/20,000, 


a “ee -_ ame 
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Fic. 4.—Guinea-pig ileum. Contractions elicited by acetylcholine given at 2 min. intervals in con- 
centrations of from 1-100 ug. per 200 ml. S-n-hexyl-isothiourea (C,) antagonizes the effect 
of the various test doses of acetylcholine. It so modifies the response to the largest dose of 
acetylcholine that the rapid contraction which this produces initially is not sustained until the 
wash-out 30 sec. later. , 
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the maximal contraction of the untreated strip by giving even very large doses of 
histamine or of acetylcholine. However, a large contraction could still be obtained 
by injecting 0.1—0.3 ml. of an isotonic solution of barium chloride into the organ 
bath. 

It was then noticed that, even when no isothiourea was present, the response 
to a large dose of the agonist was seldom a slowly developing contracture. As dosage 
was increased, the initial rate of contraction increased (Fig. 5a); but, sooner or later, 
a stage was reached at which the strip would begin to relax before the agonist was 
washed out of the bath. This relaxation is unlikely to be due to a local reflex, as 
the phenomenon was still obtained in the presence of high concentrations (60—100 
mg./ml.) of hexamethonium bromide (vide Feldberg, 1951). It was accentuated when 
the muscle lever was loaded more heavily (Fig. 5c), and also when the temperature 
of the bath was raised from 29° C. to 39° C. 

As indicated in Fig. 4 the main effects of an isothiourea upon the response to a 
large dose of the agonist was to increase the tendency for a rapid contraction to be 
followed by relaxation. The phenomenon was more pronounced with acetylcholine 
as agonist than with carbachol or histamine. It was observed not only with iso- 
thioureas, but also with salts of such simple bases as n-decylamine (Fig. 55); it is 
evidently not specific for amidine derivatives. 


Experiments on perfused rat hind-quarters 


When the test dose was 0.1 ml. of an 0.1 M solution of the isothiourea, the normal 
effect of S-methyl-, S-ethyl-, and S-n-propyl-isothiourea was a 30—100 mm. increase 
in perfusion pressure due to vasoconstriction (Fig. 6a). Higher homologues also 
increased perfusion pressure when given in this dose, but their action became empha- 
tically biphasic as the series was ascended. The pressure would rise steeply; fall 
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Fic. 6.—Pithed rat hind-quarters 


preparations. Each curve shows 
the vasoconstriction produced 
by injecting 0.1 ml. of (a) and 
(6) an M/10 and (c) an M/100 
solution of one or other of 
the isothioureas of formula 
CH (CH ).S.C(:NH)NH . The 
three curves shown for each 
isothiourea are representative of 
those obtained in 5-10 experi- 
ments. In (a) and (c) the broken 
portion of a curve represents a 
phase during which test doses of 
adrenaline (0.2-2.0 yg.) pro- 
duced smaller vasoconstrictor 
responses than usual. The effects 
of S-n-hexyl- and S-n-nonyl-iso- 
thiourea shown in (b) were 
obtained with preparations 
which were being perfused with 
Ringer-Locke solution contain- 
ing ergotoxine (1 : 200,000) ; this 
raised the initial perfusion pres- 
sure from 30-50 mm. of Hg to 
100-150 mm. and reversed the 
response to adrenaline. 


back again, sometimes to the initial level or even below it; then rise and fall again 


less abruptly (Fig. 6a). 


If the vessels of the hind-quarters, which normally have but slight tone, were 
constricted considerably by perfusing them with Ringer-Locke solution containing 
adrenaline, large falls in perfusion pressure could then be obtained with S-n-hexyl- 
isothiourea and higher homologues, and with S-aralkyl-isothioureas (Fig. 75). 
Long-chain alkyl isothioureas still produced vasoconstriction, however, if the tone 
of the vessels was raised by perfusing ergotoxine (1: 200,000) in place of adrenaline 





FiG. 7.—Pithed rat hind-quarters preparation. At each arrow 0.1 ml. of M/200 S-benzyl-isothiourea 
was injected. (a) Normal perfusion pressure. (b) Tone of perfused vessels gradually increased 
by perfusing 1: 100,000 adrenaline. (c) Five minutes after perfusion with adrenaline had been 
discontinued. (d) Tone of vessels increased by perfusing them with Ringer-Locke containing 
1: 10,000 barium chloride. ; 
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(Fig. 6b). A similar experiment in which barium was used in place of adrenaline to 
restore the tone of the vessels to something like the normal level is illustrated in 
Fig. 7d. In view of these findings it was thought of interest to go through the records 
of an earlier series of experiments (Fastier and Reid, 1948), in which effects of iso- 
thioureas on the sensitivity of perfused rat blood vessels to adrenaline were studied, 
to see if the direct effects of isothioureas on vessel tone bore any close relationship 
to anti-adrenaline effects. 

Typical results have been illustrated as follows. In Fig. 6 only some of the per- 
fusion pressure tracings have been represented by continuous curves. The broken 
portions of the other curves show the periods during which test doses of adrenaline 
produced smaller vasoconstrictor responses than usual. It can be seen that anti- 
adrenaline effects were obtained almost invariably when there was a pronounced 
‘* dip ’ in the perfusion pressure tracing. These changes in sensitivity to adrenaline 
are not the result of the perfusion pressure changes elicited by the isothiourea. Thus, 
when adrenaline was given at the points marked A, B, and C in Fig. 6a, the vaso- 
constrictor response to the second dose was almost twice as large as that to the third 
dose of adrenaline and some ten times larger than that to the first, yet the perfusion 
pressure level was almost the same for each injection. 

With S-methyl-isothiourea and its nearer homologues, the effect of a 0.1 ml. 
dose of an 0.1 M solution did not persist for more than 10-20 minutes. A second 
equal dose could be given 30 minutes later without the occurrence of ‘* tachyphylaxis.” 
With S-n-hexyl-isothiourea and higher homologues, on the other hand, an interval 
of 30 minutes between the injection of 0.1 ml. doses of 0.1 M solutions was insufficient 
to prevent tachyphylaxis. The more pronounced dip in the perfusion pressure tracings 
suggested that enough of the isothiourea had remained from the first dose, despite 
the continuous passage of fresh Ringer-Locke solution through the vessels, for the 
second dose to have produced a cumulative effect. The effects of S-n-nonyl- and 
S-n-decyl-isothiourea were apparent for upwards of an hour after their injection. 

Tachyphylaxis was less evident with smaller doses. Provided that the interval 
between injections was kept at 20 or 30 minutes, the response to successive injections 
of one or other of the first seven members of the series in a dose of 0.1 ml. of the 
0.01 M solution did not alter appreciably. Typical responses are illustrated in Fig. 6c. 
The effects of the n-octyl, n-nonyl, and n-decyl derivatives were more persistent than 
those of lower homologues; even 30-40 minutes after their administration the 
response to adrenaline and to other isothioureas was affected. 


Experiments on perfused rabbit lungs 

The action of acetylcholine on the preparation illustrated in Fig. | is manifested 
by an increase in perfusion pressure and a decrease in tidal airflow (Fig. 8). The for- 
mer effect may be attributed to constriction of pulmonary blood vessels, the latter 
to constriction of the airways. Fig. 8 shows how the bronchoconstrictor action of 
acetylcholine on the preparation is augmented by physostigmine and antagonized 
by atropine, as would be expected for a muscarinic effect. 

With this preparation, potentiation of muscle-contracting actions of acetylcholine 
by isothioureas could be readily demonstrated. In six of seven experiments treatment 
with S-methyl-isothiourea brought about a definitely enhanced response to acetyl- 
choline (Fig. 8). Long-chain isothioureas greatly decreased the sensitivity of the 
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Fic. 8.—Isolated rabbit lung preparation. Doses of acetylcholine (50 wg. at ACh) given at 5 min. 
intervals produce temporarily a decrease in tidal airflow (upper record) and an increase in 
perfusion pressure. The response to acetylcholine is potentiated when it is injected shortly 
after a dose of S-methyl-ijsothiourea (0.5 ml. of a M/10 solution at S-Me), but antagonized by 
an equivalent dose of S-n-hexyl-isothiourea (S-n-hex.). Effects of physostigmine (200 yg. at 
Physo) and of atropine (250 ug. at Atro) are shown for comparison. 


preparation to acetylcholine when they were given in the same molar doses (0.2- 
0.5 ml. of 0.1 M solutions). Smaller and less persistent anti-acetylcholine effects 
were Obtained when S-n-hexyl-isothiourea was given in equivalent amount, and a 
subsequent period of enhanced sensitivity to acetylcholine could usually be detected. 


DISCUSSION 


It has been found for several effects of the S-alkyl-isothioureas of formula CH, 
(CH.),S.C(: NH)NH, on smooth muscle preparations that the molar concentration 
required to produce a given intensity of effect decreases steadily as the series is 
ascended up to the n-decyl derivative. Experiments of the type depicted in Fig. 3 
indicate that potency increases by a factor of 2-3 with the addition of each methylene 
group. Approximately the same increase in potency has been noted previously for 
the inhibitory effects of S-alkyl-isothioureas on amine oxidase (Fastier and Hawkins, 
1951). Now chain-length affects to the same extent such physical properties of homo- 
logues as depend upon a distribution between two phases (Ferguson, 1939). We 
therefore attribute the logarithmic, 2—3-fold increase in pharmacological activity 
with the addition of each methylene group to changes in those physical properties 
of isothioureas which influence the distribution of a homologue between aqueous 
phase and biophase. 

Two explanations, not mutually exclusive, can be given for the finding that more 
washings with plain Ringer solution were needed to reverse the spasmolytic 
effect on gut of a long-chain isothiourea than that of a lower homologue producing 
equal inhibition (Fig. 3). If a state of equilibrium is approached during each washing, 
then the amount of isothiourea removed will be determined largely by the partition 
coefficient. Fastier and Hawkins (1951) thought this to apply to their experiments 
with amine oxidase. In our organ bath experiments the washings occurred at much 
shorter intervals, probably far too quickly to permit equilibration during a washing. 
Under these conditions the most important factor is likely to be the mean time 
required for an isothiourea to diffuse through the biophase from the receptors to 
the aqueous phase. Naturally the higher isothioureas will diffuse more slowly. It 
is significant that approximately as many washings with an isothiourea solution are 
needed for the full inhibitory effect to be obtained as are needed with plain Ringer 
solution for the subsequent reversal of the inhibition (Fig. 3). 
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Homologous series of amidine derivatives have been used for several other 
studies of the influence of chemical structure upon pharmacological activity. The 
structure-activity relationships found with corresponding series of amidines, guani- 
dines, and isothioureas for such properties as trypanocidal and antibacterial actions 
(King, Lourie, and Yorke, 1937; Fuller, 1942), production of hypoglycaemia 
(Shikinami, Yonechi, Kawai, and Hosono, 1930; Broom, 1936), and inhibition of 
inactivation of adrenaline by the liver (Dawes, 1946) show a broad resemblance. 
Normally, as a series is ascended, the intensity of a given action increases steadily 
to a maximum and then falls off again. The ‘ cut-off ’’ may occur at the same point 
in a series for several properties. It is probably determined by solubility in the aqueous 
phase, for when chain-length is increased, homologues must be eventually obtained 
which are not sufficiently soluble in aqueous solution for them to be transported in 
adequate amount to the site of action. 

One exception to this rule is provided by certain pharmacological properties of 
di-amidine derivatives which are not shared by mono-amidine derivatives, e.g. 
the inhibition of histaminase (Blaschko, Fastier, and Wajda, 1951) and the liberation 
of histamine in vivo (MacIntosh and Paton, 1949). It is not surprising that the 
influence of chain-length on such properties is harder to discern because, when two 
functional groups are involved in the production of a particular action, the distance 
between these groups is likely to be an important factor in determining activity 
(Paton and Zaimis, 1949). 

Another exception is provided by “‘excitatory’’ properties of amidine deri- 
vatives, such as pressor activity and adrenaline-potentiating activity. Here the 
difficulty of gauging the influence of chemical structure upon activity appears due 
to the fact that amidine derivatives may have dual effects upon muscle preparations; 
the excitatory effect is obtained only if the concentration of the drug falls between 
lower and upper limits. This has already been demonstrated for effects upon sensi- 
tivity to adrenaline. All the homologues between S-methyl- and S-n-decyl-isothiourea, 
and various other amidine derivatives, have been shown capable of either increasing 
or decreasing the response of perfused rat blood vessels to adrenaline, according to 
the dose given (Fastier and Reid, 1948). Similar findings have been described in 
this paper. Thus S-n-amyl-isothiourea and its nearer homologues clearly have dual 
effects upon the tonus of isolated rabbit intestine (Fig. 25). Dual actions on gut 
could not, however, be obtained with long-chain isothioureas. In their effects on 
intestinal tone long-chain isothioureas seem to differ qualitatively from lower homo- 
logues; not just quantitatively, as in their effects upon sensitivity to adrenaline. 
They resemble in this respect the long-chain alkyl-trimethyl-ammonium bases and 
the long-chain choline esters. The latter have been shown to antagonize the excitatory 
actions of their lower homologues by combining with the same receptors though 
they have no excitatory actions themselves (Clark and Raventos, 1937; Swan and 
White, 1944). In such cations it must be presumed that the hydrocarbon radical 
influences not only the distribution of the cation between external phase and bio- 
phase but also its capacity to react with receptors in the biophase. 


Analogous effects of aliphatic amines 


The function of the ‘* head ’”’ of an isothiourea cation must now be considered. 
Are the various excitatory and inhibitory actions described in this and in earlier 
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papers peculiar to amidine derivatives ? The results of sieving experiments (Fastier, 
1944) indicate that strong basicity is necessary for activity, but it remains uncertain 
whether the basicity must be conferred by an amidine group. 

The primary amines of formula CH,(CH,),NH, have approximately the same 
basicity (pK, ~ 10) as the isothioureas under investigation. Since the first three or 
four members of the amine series show little resemblance in their pharmacological 
properties—described by Alles (1941), Barger and Dale (1910), Dunker and Hartung 
(1941), and others—to the short-chain isothioureas, the amidine group apparently 
does more than provide the cation with a charged head. 

Walker (1949) has put forward the view that the combination between a drug 
containing an unsubstituted amidine group and protein anionic groups is not just 
a simple electrostatic attraction between oppositely charged bodies; resonance should 
permit the formation of doublet ion-pairs (III) with a relatively rigid configuration 
of minimum potential energy, the implicit hydrogen bond being short and com- 


paratively strong. 


H H 
NH O NH O 
/ \ _.. A&A \ 
(IT)  . Ce ee ale - 
X Fi \ Va 
NH O NH O 
H H 


If an amidine derivative is bound more strongly to receptors than the corre- 
sponding amine, we should look for pharmacological analogues of short-chain 
isothioureas amongst amines of comparable absorptability, viz. those whose side- 
chains are long enough for the van der Waals attraction between them and the 
receptor to compensate for the smaller affinities of the end groups (Albert, personal 
communication). 

Aliphatic primary amines with 5-7 carbon atoms in the side-chain have been 
examined by a number of pharmacologists, including Barger and Dale (1910), 
Nakamura (1925), Alles (1941, 1946), Proetz (1943), Jackson (1944), Lewis (1946), 
and Swanson and Chen (1946). Their effects are distinctly more *‘ sympathomimetic ”’ 
than those of short-chain amidine derivatives like S-methyl-isothiourea. Nevertheless 
these amines, too, may cause the contraction of ileal strips and of several other 
smooth muscle preparations which are relaxed by adrenaline. For such reasons 
it has been argued that these aliphatic amines resemble acetylcholine and potassium 
more closely than adrenaline in their pharmacological properties, their effects being 
comparable to the nicotine-like and muscarine-like effects of the alkyl-trimethyl- 
ammoniums and other bases whose chemical relationship to acetylcholine is more 
obvious (Alles, 1941). Somewhat similar views have been expressed concerning the 
mode of action of short-chain amidine derivatives (Fastier, 1949). Judging from 
the results obtained when aliphatic amines have been tested under experimental 
conditions similar to our own, we think that those with 5-7 carbon atoms in the 
side-chain resemble short-chain amidine derivatives sufficiently closely in their 
pharmacological properties to suggest that their main modes of action are essentially 
similar, however they may be labelled. 

It is of interest that the higher homologues of pressor aliphatic amines behave 
like those of pressor amidine derivatives. Alles (1941) found that for the homologues 
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between n-butylamine and n-nonylamine the addition of each methylene group 
increased relaxant activity on isolated rabbit ileum by a factor of 2-3. He observed, 
moreover, that there was a close relationship between the concentrations required 
to produce a minimal degree of relaxation and those required to antagonize the 
effects of small doses of acetylcholine or adrenaline. The lethal toxicity (for mice) 
increased quite regularly with the addition of each methylene group. Alles therefore 
suggested that the lethal toxicity of aliphatic amines may be related to their ability 
to render end-organs insensitive to normal excitatory agents. 


Localization of depressant effects 


In the experiments on perfused rat blood vessels, substantial vasoconstrictor 
effects have been obtained even with long-chain isothioureas (Fig. 6). These results 
differ from those of Fastier and Vane (unpublished), who tested isothioureas in 
comparable doses on cat hind-limbs perfused in vivo; they found that S-n-amyl- 
isothiourea and higher homologues produced strong vasodilator effects when 
injected into the femoral artery of the perfused limb, as do numerous S-aralkyl- 
isothioureas (Dawes and Fastier, 1950). Now the vessels of the cat hind-limb pre- 
paration, unlike those of the rat hind-quarters preparation, have their innervation 
intact; they have normal tone. It has been found that if the tone of the rat blood 
vessels is raised to a comparable level by adding adrenaline to the perfusing Ringer- 
Locke solution, then vasodilator effects which resemble closely those obtained in 
the cat hind-limb with long-chain alkyl and with aralkyl isothioureas can be obtained 
in the rat hind-quarters also (Fig. 7). Yet if ergotoxine is used in place of adrenaline 
for increasing tone, even such bases as S-n-nonyl-isothiourea produce effects which 
are still predominantly vasoconstrictor (Fig. 6b). We think it significant that the 
** dip ’ in perfusion pressure tracings like those illustrated in Fig. 6 should coincide 
with a period of reduced sensitivity to adrenaline. These results suggest that the 
dilator effects of long-chain isothioureas on blood vessels which are under nervous 
control depend in part at least upon a reduced response to adrenergic stimuli. 

With isolated rabbit intestine, it has been found that concentrations of S-alkyl- 
isothioureas which lower tone reduce the response of the strip to such agents as 
histamine, nicotine, and acetylcholine. Possibly these depressant effects are all related. 
Thus the fall in tone may be the result of a decreased response to excitatory hormones. 
Although isothioureas show little chemical resemblance to acetylcholine or histamine, 
the possibility of their being able to compete with either is not altogether remote. 
It must be remembered that, whereas a compound may need to have several chemical 
groups in common with a neurohormone like acetylcholine for it to stimulate the 
same receptors (Ing, 1949), possession of but one of these groups may suffice for it 
to be able to combine with part of the receptor patch and so deny access to the 
natural effector, as Myers (1951) has shown recently for certain inhibitors of cholin- 
esterase. We have therefore made a quantitative study of the anti-acetylcholine 
and anti-histamine effects of S-alkyl-isothioureas. 

The results obtained cannot be explained by any simple theory of the interaction 
of antagonistic drugs. One well-known theory assumes that the pharmacological 
effect is proportional to the amount of the agonist present on the receptors and that 
the antagonist acts competitively according to the mass laws (Clark, 1937; Gaddum, 
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1943). The slope of the log. dose-effect curve has often been found to be equal to 
the slope predicted by this theory in its simplest forms, but not always. Our curves 
are steeper than the theoretical curves. Schild (1947) also has obtained steep curves 
for histamine with guinea-pig intestine. These steep curves can be explained by assum- 
ing that more than one molecule of the drug must combine with each receptor in 
order to make it respond. We would add, however, that the effects of small doses 
of the agonist may have been depressed for hours as the result of the administration 
of very large doses, although we tried to avoid this hazard (Eastman and Cantoni, 
1946) by giving doses only at long intervals. 

The theory based on the mass laws also predicts that the ratio of the doses of 
agonist producing any given effect in the presence and in the absence of the agonist 
is constant. The horizontal distance between the log. dose-effect curves should there- 
fore be constant for competitive inhibition. This too has been found occasionally 
(Clark, 1937; Schild, 1949), but not always (Guarino and Bovet, 1949; Schild, 1949). 
Our results do not satisfy this condition in so far as the maximum effect obtained 
in the presence of the antagonist was generally smaller than the maximum effect 
obtained in its absence (Fig. 5d). This finding may mean that some fraction of the 
muscle contractile units is rendered completely inexcitable by the antagonist. Never- 
theless our results cannot be explained by supposing that this fraction is constant; 
it has been-found repeatedly that the response to small doses may be almost com- 
pletely abolished, while the response to larger doses is reduced only by some 20-30 
per cent. 

We would emphasize that the mass-law theory assumes a state of equilibrium 
between the drugs and the receptors. It is unlikely to be applicable to cases like those 
considered here, where the response reaches a maximum and then decreases, despite 
the fact that the concentration of agonist in the bath remains constant (Fig. 5). 
As this kind of response is not obvious in records made with a slow-moving drum 
(cf. Figs. 4 and 5), false conclusions may be drawn from these. We have found that 
inhibitory concentrations of isothiourea alter qualitatively the response of an intestinal 
strip to a large dose of histamine or of a choline ester. The muscle begins to contract 
rapidly as if a large increase in tone would result, but within a few seconds con- 
traction is followed by relaxation. The same phenomenon has been observed occa- 
sionally, even in the absence of an isothiourea with large doses of the agonist (Fig. 
5a). It is of interest that several other preparations have been found to respond 
similarly to acetylcholine. Recently, McDowall and Watson (1951) have shown, 
in confirmation of the results of earlier workers, that the response of striped muscle 
to a large dose of acetylcholine is self-limiting. Contraction is followed within a 
few minutes by relaxation and thereafter the preparation will not respond to electrical 
stimulation or to another dose of acetylcholine so long as the previous dose remains 
in the bath. McDowall and Watson found that repeated minute doses of acetyl- 
choline produced similar inexcitability. They suggest that this is because repolari- 
zation is prevented in the presence of acetylcholine. 

It seems to us that the actions of amidine derivatives on muscle and nerve can 
be explained more simply by supposing that they effect some fundamental property 
like polarizability than by supposing that they affect tone and sensitivity to various 
neurohormones by unrelated, competitive actions. , 
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SUMMARY 


1. With the isothioureas of formula CH;(CH ) S.C(: NH)NH, the intensities 
of anti-acetylcholine, anti-histamine, and tonus-decreasing actions on rabbit and 
guinea-pig ileum increase steadily as the series is ascended to about the n-decyl 
derivative. The ‘cut-off’? probably occurs at this point because of the water- 
insolubility of higher homologues. The 2-3-fold increase in activity with the addition 
of each methylene group is attributed to an increasingly favourable distribution of 
the isothiourea between aqueous phase and biophase, enabling each higher homo- 
logue to achieve a greater concentration at the site of action for a given molar con- 
centration in the aqueous phase. 


2. A quantitative study has been made of the anti-acetylcholine and anti- 
histamine effects of S-alkyl-isothioureas on isolated guinea-pig ileum. The results 
cannot be explained by any simple theory of the interaction of antagonistic drugs. 
Inhibitory concentrations of an isothiourea alter qualitatively the response of a 
muscle strip to a large dose of the stimulant; the maximal contraction of the un- 
treated strip cannot be reproduced. 


3. When given in somewhat smaller doses than those needed to decrease 
intestinal tone, some isothioureas increase tone. Homologues containing 4-6 carbon 
atoms in the side-chain clearly have a dual action on gut. Lower homologues increase 
tone even when present in fairly high concentration, while higher homologues seem 
incapable of producing other than depressant effects on gut. 


4. Short-chain isothioureas can potentiate the bronchoconstrictor and vaso- 
constrictor actions of acetylcholine on perfused rabbit lungs, but potentiation of its 
tonus-increasing action of intestine could not be demonstrated. No connexion 
between the tonus-increasing effects of isothioureas and their effects upon sensitivity 
to local hormones could be detected. However, the concentrations of different 
isothioureas required to decrease intestinal tone and to dilate perfused blood vessels 
were found to approximate to the concentrations required to reduce the sensitivity 
of the same preparations to acetylcholine and to adrenaline respectively. 


5. The influence of chemical structure upon the pharmacological activity of 
aliphatic amines is discussed with reference to the results obtained with amidine 
derivatives. 


The earlier part of this work was aided by a grant from the Medical Research Council 
of New Zealand. The quantitative experiments were performed by one of us (F.N.F.) at 
Edinburgh; we are deeply indebted to Professor J. H. Gaddum for his advice on the design 
and interpretation of these experiments. 
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The methods available for testing the analgesic activity of a compound in animals 
can be divided into three groups, depending on the device used for producing pain. 
D’Amour and Smith (1941), Thorp (1946), Davies, Raventos, and Walpole (1946), 
and Woolfe and Macdonald (1944) used heat as the physical agent for producing 
pain. Eddy (1928, 1932), and Green, Young, and Godfrey (1950) used mechanical 
pressure; Macht and Macht (1938) and Dodds, Lawson, Simpson, and Williams 
(1945) used electric shocks for the same purpose. The methods of Thorp (1946) 
and of Davies, Raventos, and Walpole (1946) have both been carefully studied in 
this laboratory without much success, but a method devised by Reinhard and E. J. 
de Beer has given more satisfactory results. This method has not been published 
by the authors, but has been described with their permission by Burn (1950), who 
suggested that the estimation of the degree of analgesia in each mouse should be 
abandoned, and that the percentage of mice in which there was some analgesia 
should be recorded instead. This has now been done and a linear relation between 
the dose and the percentage of mice showing analgesia has been observed. The 
opportunity was taken to compare various analgesics by this method. 


METHOD 


An electric shock is applied to the tail of a mouse and the squeak is taken as a response 
to the stimulus. The mouse is placed in a holder which consists of three components 
made of plastic. The sides and the top are made of one piece, while the front piece 
is attached to a long base which can be moved in and out. The back piece can be moved 
in a vertical plane and has a groove which allows the tail to protrude when the mouse 
is in the holder. The tail is cleaned with ether and electrode jelly is rubbed on it. 
The jelly must be rubbed in and not just smeared, otherwise a good contact is not made 
with the electrodes. The electrodes are two pieces of clock spring 1 cm. wide and 1.5 cm. 
apart with weights on the ends to keep them pressed on the tail. The circuit used is 
shown in Fig. 1. Leads from A.C. mains go to a variac and then to a small 6/1 
transformer. There is a circular contact which rotates once a second and completes 
the circuit for 1/26th sec. A voltmeter is in the circuit between the transformer and 
the stimulating electrodes and there is also a key in this circuit. When the key is 
closed the circuit is completed and current flows to the electrodes. Before starting the 
test the variac is so adjusted that it gives a voltage of 8.5 volts at the electrodes and this 
is read on the voltmeter. The electrodes are dropped on the tail of the mouse and the 
key is closed. The number of shocks required to cause a squeak is counted, each shock 
being indicated by a flick on the voltmeter. 
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Fic. 1.—A diagram of the circuit 
A B / used for applying stimuli to 
the mouse tail in test for 


analgesics. A, variac; B, 6/1 

F step down transformer. C, a 
rotary make-and-break con- 

D tact which completes a revo- 
lution once every second 

and the contact is made for 

1/26th of a second; D, key; 

E, stimulating electrodes; F, 

voltmeter which flicks every 

time a shock is applied to 


ye the tail. 
i, 
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Carrying out the test.—-When a voltage of 8.5 volts was used for stimulation about 
85 per cent of mice squeaked within five shocks and those which did not squeak within 
five shocks were not used for the experiment. As soon as the mouse squeaked the key 
was opened and the stimulation stopped. Groups of 10 mice weighing 20-25 g. were 
used for the test. Each mouse was examined before giving the analgesic and the number 
of shocks required to make it squeak was determined. The majority of mice squeaked 
after the same number of shocks when tested a second time after an interval, but a certain 
percentage varied within limits of two shocks. It was therefore decided that unless the 
difference between the number of shocks required to produce a squeak before and after 
an analgesic was greater than three it was not taken as evidence of analgesia. The drug 
was given by subcutaneous injection in the back, and 15 min. later the number of shocks 
required to cause a squeak was determined again. The same dose of analgesic was tested 
in at least six different groups of 10 mice each. Not less than 60 mice should be used 
for any one dose of analgesic. The results were expressed as the percentage of mice showing 
analgesia after a given dose of analgesic and a linear relation was observed between the 
dose and the percentage of mice showing analgesia. The same group of mice was not 
used more than twice a week. 


RESULTS 


The following compounds were tested for their analgesic activity: morphine 
hydrochloride, pethidine hydrochloride, amidone, phenadoxone (heptalgin), and 
phenazone. 

Table I shows the results obtained with these five analgesics, the number of 
mice used for each dose, and the percentage of mice showing analgesia. 

Fig. 2 shows the results obtained with morphine, pethidine, amidone, and 
phenadoxone; the percentage of mice showing analgesia has been plotted against 
the log of the dose. The data have been analysed statistically by Dr. D. J. Finney, 
and he reports that “‘ the test of significance of deviations from linearity of probit 
regressions 

x? = 2.17 with 6 degrees of freedom. 


As a test of deviation from parallelism 
x? = 1.55 with 3 degrees of freedom. 
Neither is anywhere near to being significant.” 
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TABLE I 
PERCENTAGE ANALGESIA IN MICE AFTER SEVERAL ANALGESIC DRUGS 





Morphine HCl Amidone | Phenadoxone | Pethidine HCI Phenazone 





Dose 'No.!| & Dose No. % (|Dose No. % |Dose No. % | Dose No. | » 4 
mg./ | of | anal-| mg./ | of | anal- | mg./! of | anal-|mg./, of anal- mg./| of | anal- 
kg. |mice| gesia| kg. | mice/ gesia | kg. | mice gesia | kg. mice gesia kg. | mice! gesia 














1.5 103 | 18.4/ 1.5 | 60) 23.3 | 0.75| 90 | 34.4) 5 60 | 21.7 | 200 | 32 | 25 
3.0 120! 44.2 | 3.0 | 110! 49.1 | 1.5 | 80| 67.5 | 7.5, 85 | 31.8 | 400| 78 | 33.5 
6.0 | 123 | 67.5 | 6.0 100 | 81.0 | 3.0 | 90) 88.9 | 10| 60} 53.3 
15 90 | 61.1 | 
| | | | 20| 60 | 73.3 | 
90f F 
80 | - 
2 Pt 
$” x M 
e 
Fic. 2.—To show the relation ®60F 
between log dose of analgesic D 
(abscissae) and the effect, >; 50 f x 
measured as percentage of 2 x 
mice showing analgesia (or- - 
dinates). .P=Phenadoxone. 840r 
A= Amidone. M= Mor- E A 
phine. Pt.=Pethidine. Note Oo 30+ x 
the linearity of the regression 2 
lines and their parallelism. 
20F 
10 Fr 








18 0.1 0.4 07 10 1.3 
Log dose 


It is convenient to express the activity of a new compound in terms of another 
compound of known activity and this has been done by comparing the doses required 
to produce 50 per cent analgesia. The potencies of each of the other three drugs 
relative to morphine have been calculated by Dr. Finney. The results are: 


Amidone 1.25 (with 95 % fiducial limits at 1.03, 1.54) 
Phenadoxone 3.56(,, 95% ,, 9s gp «= 289, 4.44) 
Pethidine Grrt. Be « ss 93 0.277, 0.402). 


Phenazone, even in big doses, when given by mouth did not show any marked 
analgesic activity. When 200 mg. phenazone per kg. mouse was given orally, 
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only 24 per cent of the mice showed analgesia and on doubling the dose to 400 mg./kg. 
the percentage of mice showing analgesia. rose to 33.3; 800 mg./kg. of phenazone 
was a lethal dose for mice. 


DISCUSSION 


Basil, Edge, and Somers (1950) while testing analgesics in rats obtained a value 
of 3.8 as the ratio of phenadoxone to morphine and 2.9 as the ratio of phenadoxone 
to amidone. The majority of workers using radiant heat stimulation methods 
have reported that amidone is | to 1.3 times as potent as morphine (Thorp, Walton, 
and Ofner, 1947; Cahen, Epstein, and Krementz, 1948; Thorp, 1949; Bonnycastle 
and Leonard, 1950). The figures obtained by the method described in this paper 
agree very well with those obtained by the heat method in rats. 

Smith, D’Amour, and D’Amour (1943) by their method found that analgesics 
like amidopyrine did not confer analgesia unless very big doses were given, and 
the same was true with the Woolfe and Macdonald method (1944). The method 
described in this paper also did not show evidence of analgesia when small doses 
of phenazone were given. It seems that these compounds are too weak to raise 
the threshold of pain in an animal to a degree sufficient to prevent it from giving 
the response to the stimulus. In therapeutics the salicylate and antipyrine group 
of analgesics are useful in alleviating a certain type of pain originating from integu- 
mental structures only and not in other types of pain. Hardy, Wolff, and Goodell 
(1940) found that the threshold for cutaneous pain in human subjects, as determined 
by heat, was only increased to 35 per cent by 1.8 g. aspirin given orally, whereas 
an increase of 70 per cent was noted after injecting 15 mg. morphine sulphate 
intramuscularly. 

“* Squeak ” as a response to painful stimulus is preferable to any other reflex 
mechanism involving only the spinal cord. Green, Young, and Godfrey (1950) 
in their comparison of pressure and heat analgesiometric method observed that 
the normal thresholds for the heat reaction time and “struggle” had a greater 
variance than the “squeak”; this they attributed to the greater degree of pain 
required to elicit a squeak. As evidence for this the authors quote unpublished 
observations in collaboration with White, that the variances decreased as the degree 
of pain increased. The use of a stimulus to produce a greater degree of pain would, 
therefore, make the method less suitable when testing substances with weak analgesic 
action, but the sharpness of the end-point as in a “‘ squeak ” is to be desired in a 
quantitative estimation. Moreover, a squeak involves the participation of the 
higher centres of the animal and, as analgesics are used in therapeutics for alle- 
viating pain in man which is mediated through the thalamus and cortex, it seems 
desirable to have a method for testing analgesics which involves the participation 
of these centres and not merely a reflex of lower order, such as removal of the tail. 


SUMMARY 


1. A method for testing analgesics in mice has been described, using the apparatus 
originally proposed by Reinhard and de Beer. An electric stimulus is applied to 
the tail of the mouse and the squeak is taken as a response to the stimulus. The 
result is calculated on the basis of percentage of mice showing analgesia after the 
injection of the analgesic. The essential modification in this method is that instead 























METHOD OF TESTING ANALGESICS 437 


of assessing the degree of analgesia in each mouse, the percentage of mice showing 
analgesia is ascertained. 


2. Morphine, pethidine, amidone, and phenadoxone have been tested and their 
activity is expressed in terms of morphine. When the activity of morphine is taken 
as 1, that of pethidine is 0.33, that of amidone is 1.25, and that of phenadoxone is 3.56. 

Phenazone when given by mouth in big doses did not show any marked analgesic 
activity. 


It is a great pleasure to acknowledge my indebtedness to Professor J. H. Burn for his 
guidance throughout the course of this work. I wish to thank Dr. D. J. Finney for 
statistical analysis of the data. 
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Recently some attention has been devoted to the possibility that an antibiotic 
in particulate or colloidal form might possess advantages over small molecule water- 
soluble compounds in the treatment of tuberculosis (Markham and Florey, 1951; 
Markham, Heatley, Sanders, and Florey, 1951; Markham, Wells, Heatley, and 
Florey, 1951; Sanders, Florey, and Wells, 1951; Heatley, Gowans, Florey, and 
Sanders, 1952). It appeared that nisin, a relatively insoluble substance described 
by Mattick and Hirsch (1944), might have properties of value in this connection. 
Nisin is obtained from the culture fluid of a strain of streptococcus (group N). 
Mattick and Hirsch (1947) found that it inhibited strongly the growth of certain 
micro-organisms and that it was bactericidal at low concentrations. 

The sample of nisin (Batch 263) used in most of the present experiments con- 
tained about 30,000 of the units of Mattick and Hirsch per mg. Assuming that 
the samples used by Mattick and Hirsch (1947) were of this order of purity, calculation 
from their figures shows that the growth of streptococci of groups A to M, except 
C, D, and L, was inhibited by concentrations of from 1 in 7,500,000 to 1 in 120,000,000 
(0.25—-4 units per ml.), and that of pneumococci Type | at | in 120,000,000 (0.25 unit 
per ml.). Some strains of neisseria, clostridia, corynebacteria, and actinomyces 
were inhibited at high dilution, while strains of staphylococcus and Type 2 pneumo- 
coccus were less sensitive. 

From the point of view of the experiments being conducted in this laboratory 
the most important statement (Hirsch and Mattick, 1949) was that nisin was active 
against Myco. tuberculosis, a dilution of 1 in 50,000 to 300,000 (100 to 600 units 
per ml.) inhibiting growth in Long’s medium, while as little as | to 3 units per ml. 
(1 in 10 to 30 millions) inhibited growth in Dubos and Davis’s liquid medium. 
They also found that in certain circumstances it was possible to suppress strongly 
the development of tuberculosis in guinea-pigs and rabbits. Bavin, Beach, Falconer, 
and Friedmann (1952) have recently confirmed Hirsch and Mattick’s finding that 
nisin is as active against Myco. tuberculosis in vitro as streptomycin. In their hands, 
however, nisin was therapeutically ineffective in mice infected with a virulent human 
strain of tubercle bacillus, and they attributed this to the difficulty of maintaining 
adequate blood levels of the drug. They also mentioned the possibility that their 
*“* nisin ’’ might have been different from that used by Hirsch and Mattick. Nisin 
was reported in the above publication to be highly active against infections with 
Str. pyogenes and Staph. aureus in mice. 

The following experiments were made possible by a gift of nisin from Dr. Mattick, 
and later by the presentation by Mr. B. D. Thornley, of Benger Laboratories, Ltd., 
of a number of samples made at different times on different media. 
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EXPERIMENTAL 

Earlier workers had obtained indications that crude nisin contained more than one 
antibacterial substance. Accordingly, Berridge, Newton, and Abraham (1952) attempted 
to resolve a single batch of nisin (706P, prepared by Bengers Laboratories) into its com- 
ponents, by counter-current distribution between solvents. They showed that the crude 
nisin consisted of five distinct but related antibacterial polypeptides. The two main 
components (A and B) showed similar activity against Str. agalactiae. They accounted 
together for 81 per cent of the weight and 95 per cent of the total antibacterial activity 
of the crude material. The activity of the minor components C and D was about one- 
fifth that of A or B. The activity of the minor component E was not determined. These 
nisin polypeptides were similar in their amino acid composition and remarkable for their 
high content of sulphur. They all appeared to contain lanthionine and cystathionine or 
allocystathionine, substances not normally found in native proteins. 

Some antibacterial tests have been made on separated components of crude nisin, but 
most of the work has been done on the crude substance. In the experiments to be described 
**nisin”’ refers to the crude substance (Batch 263) unless otherwise stated. 


Physical and chemical properties of crude nisin 


Batch 263 was stated to contain 30,000 units'mg. (about 75 per cent of the activity of 
Mattick and Hirsch’s best preparation), and was a white powder readily soluble in water 
at pH 2, but precipitation occurred when the solution was neutralized. A solution in 
saline or in water at pH 7.4 appeared to be saturated with respect to the antibiotically 
active substances when about 0.1 mg.'ml. was in solution. 

Dialysis of a solution of nisin in saline at pH 7.4 in a cellophane sac against running 
tap water for 24 hours resulted in the loss of one-half to three-quarters of the activity. 
It appeared from this that the active substance might pass out of the blood stream with 
little difficulty. 


Assay 

The assay of nisin has presented difficulties and a number of methods have been proposed 
(Mattick and Hirsch, 1947; Hirsch, 1950; Friedmann and Epstein, 1951; Friedmann 
and Beach, 1951). 

Throughout these experiments nisin was assayed by the cylinder-plate method using 
plates bulk-seeded with Myco. phlei. After the cylinders had been filled the plates were 
put into the refrigerator overnight to allow the solutions to diffuse into the agar. They 
were then incubated at 37° C. for 24 hours. Clear, sharp zones of inhibition were obtained. 
A solution of the hydrochloride in saline or in water, diluted to give a concentration of 0.1 
mg./ml., had a pH of almost 7, and the assay of serial twofold dilutions of such a solution gave 
an approximately linear log. concentration zone diameter relation. Dilutions of a solution 
containing 0.1 mg./ml. in water provided the standards for the assay of unknown preparations. 

To ascertain the fate of nisin in the body, tissues were extracted with 0.05 N-HCl, 
serially diluted in acid, neutralized, and spun; the concentration in the extract was calculated 
from those points that fell on the linear part of the assay curve. Serum and urine were 
assayed without any preliminary treatment. 

For assay purposes it was arbitrarily decided that 1 mg. of the nisin powder should 
be regarded as containing 100 units; thus one of these units is equivalent to 300 of 
Mattick and Hirsch’s units. 


Antibacterial activity 


Although nisin is very stable in acid solution, no satisfactory method was found for 
sterilizing nisin solutions, so they were prepared as far as possible with sterile ingredients 
and vessels. Boiling at pH 2 and filtration through sintered glass at pH 7.4 both resulted 
in loss of activity, especially against streptococci. 
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Crude nisin—Action on Myco. tuberculosis 


The sensitivity of three virulent human strains and one avirulent human strain 
(H37Ra), and of eight bovine strains, was tested using crude nisin in a Dubos and 
Davis liquid medium. In no case was the extreme sensitivity of the bacilli, noted 
by Mattick and Hirsch in this medium, observed. The growth of one bovine strain 
was inhibited for 12 days at a dilution of 1 in 800,000, and the titres of the other 
strains ranged between | in 100,000 and 1 in 400,000. 


Fractions of nisin 

As it was possible that all the activity against Myco. tuberculosis might reside in 
one of the fractions isolated by Berridge, Newton, and Abraham, they were tested 
against Myco. tuberculosis in vitro, the results being shown in Table I. Fractions 
A and B were of about equal potency, so that it is clear that fractionation did not 
offer hope of securing a product much more active than the crude material. It was 
also clear that though crude nisin and some of its fractions inhibited the growth 
of tubercle bacilli in vitro they were, under conditions of test in this laboratory, 
considerably less active than streptomycin in similar circumstances. 


Activity against organisms other than Myco. tuberculosis 

Str. pyogenes.—Though different samples of crude nisin varied considerably in 
their activity, some of the best were extremely active against Group A strains. This 
great activity was shared by some of the fractions produced by Berridge, Newton, 
and Abraham (see Table II). In some experiments no growth of the CN 10 strain 
(of the Wellcome Laboratories) occurred after 48 hours’ incubation in medium 
containing a concentration of 1 in 25,000,000. 


Staph. aureus.—Some strains of this organism were very sensitive, though others 
were relatively insensitive. One strain was little affected by either nisin or peni- 
cillin, which confirmed the finding of Mattick (personal communication) with the 
same strain. Fractions A, B, and D were approximately as effective as the crude 
powder but, as with the streptococcus, fractions C and E were much less potent. 
These results are summarized in Table II. 

Other samples of crude nisin showed considerable activity against staphylococcus 
(CN 491 strain of the Wellcome Laboratories), the concentrations giving complete 
inhibition at 48 hours varying from | in 0.8 million to 1 in 6.4 million. 


Other bacteria.—Single strains of Bact. coli, S. typhi, Sh. shigae, N. meningitidis, 
and N. catarrhalis were found to be insensitive to nisin. 


Effect of serum and tissues on the activity of nisin solutions in vitro 

A nisin solution at pH 7 was diluted with an equal volume of horse serum and 
incubated at 37° C. for 24 hours. No loss of activity followed. 

Incubation for two hours at 37° C. of a solution of nisin in water at pH 7 with 
slices of lung, liver, kidney, and spleen from a mouse did not result in any significant 
destruction of nisin. 

The incubation of homogenized mouse lung, liver, kidney, and spleen with a 
nisin solution in water at pH 7 for two hours at 37° C. resulted in the loss of more 
than three-quarters of the activity of the nisin in all experiments. 
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Pharmacological investigations 


Preparation of material for injection 

Although nisin hydrochloride is quite soluble at pH 2 it is very insoluble at 
the hydrogen ion concentration of the blood. It was suspected that the toxic 
symptoms described by Hirsch and Mattick (1949) might have been due to rapid 
precipitation of nisin in the blood after the injection of an acid solution. That 
such precipitation did occur was made probable by the fact that a heavy precipitate 
occurred on injecting a hazy solution of nisin at pH 4 into serum in a test-tube. 
The symptoms and mode of death described by Hirsch and Mattick might well 
have been due to pulmonary emboli of nisin. Bavin et al. (1952) did not consider 
the possibility of causing embolism by the injection of their solutions at pH 4. 

As a preliminary to tests of toxicity attempts were made to produce a suspension 
with fine particles at about pH 7.4. At this pH 5 mg./ml. of nisin could be dispersed 
in water by mechanical shaking to form a stable suspension whose particles showed 
Brownian movement. Unfortunately, a precipitate was immediately formed when 
such a suspension was added to normal saline or serum and no substance was found 
that protected the particles from flocculation. Material for intravenous injection 
into rabbits was made as follows. 

About 50 mg. of nisin was dissolved in distilled water to give a solution containing 
5 mg./ml.; 0.1 N- NaOH was added to this solution until a faint persistent haze had developed 
(about pH 4). Ten ml. of the hazy solution was drawn up into a syringe and then squirted 
rapidly through a long fine needle into 5 ml. of sterile rabbit serum in a McCartney bottle. 
The point of the needle was placed close to the bottom of the bottle in order that the particles 
of nisin might be broken up as they were precipitated. The resulting material was a 
inilky suspension of nisin at about pH 7, containing particles up to about 60 » in diameter. 
The pH was adjusted to 7.4 by adding 01 N-NaOH. 


On injection into mice such suspensions readily killed by pulmonary embolism, 
but if the suspensions were first shaken for 10 to 15 minutes with ballotini beads 
on a Michel shaker mice often survived the injections without any signs of distress. 
This method of preparation was therefore adopted for intravenous injections. The 
suspensions for injection into mice contained 50 per cent rabbit serum; those 
injected into rabbits contained 33 per cent. 


Toxicity after intravenous injections 

To mice.. Single injection—The largest single dose given to a mouse weighing 
20 g. was 8 mg. in 0.8 ml. The animal showed no immediate or delayed ill effects 
and no abnormalities were found when it was killed 4 weeks later. The maximum 
dose that could always be given to mice without ill effects was 1 mg. in about 0.3 ml. 


Repeated injections.—Seven mice were given 8 daily injections of | mg. in a 
suspension containing | mg. in 0.3 ml. The animals were killed on the 9th day 
when in good condition. 

The tissues of four of these animals were examined histologically. The livers 
had a few very small areas of necrosis with some cellular reaction. Small collections 
of cells were present in a few areas of the lung. In one animal there were areas in 
which the convoluted tubules of the kidneys were dilated and lined with flattened 
cells. In the others there were not such marked changes, though a few tubules 
appeared to be dilated. In some there were deposits of a homogeneous pink staining 
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material in some of the tubules. The glomeruli were unaffected. The spleens were 
apparently normal. 

To rabbits. Repeated injections—A rabbit weighing 3 kg. was given 870 mg. 
nisin in 18 daily injections of about 50 mg. The suspension contained 2.5 mg. 
nisin per ml. The rabbit remained well throughout the experiment and did not 
lose weight, but the veins of the ear progressively thrombosed. When it was killed 
24 hours after the last injection the only macroscopic abnormality was a large spleen. 
Microscopically there was no striking change in the kidneys. A few tubules were 
somewhat dilated, but such changes were not so marked as in the kidneys of the mouse. 

Three animals with experimental tuberculosis received about | g. during 3 weeks 
without any signs of distress. 


Toxicity after subcutaneous injection 

Four mice were given 5 mg. of nisin in 0.5 ml. of suspension subcutaneously. 
There was no necrosis, though slight initial reddening on the under surface of the 
skin was seen after 24 hours, when the first mouse was killed. At this time the 
mass of injected material had been invaded by polymorphs. Fourteen days later 
the area had become walled off by fibrous tissue which enclosed a fragmenting 
amorphous mass, presumably the remains of the nisin, studded with conglomerations 
of disintegrating cells. After a month no trace of the injected material could be 
found on naked-eye examination post mortem. 


Toxicity after intrathecal injection 

Suspensions and solutions were injected intrathecally into seven rabbits by the 
method described by Markham, Heatley, Sanders, and Florey (1951). Two rabbits, 
injected with 4.5 and 9 mg. of suspension respectively, did not recover consciousness 
after the anaesthesia and died after 32 and 33 hours. There was inflammation of 
the meninges with large numbers of granulocytes in the cerebrospinal fluid. The 
fluids gave zones of inhibition of 21 and 21.5 mm. respectively on plates seeded 
with Myco. phlei. 

Four rabbits withstood without symptoms the injection of up to 0.1 mg. in 
solution in | ml. of saline at pH 7.4, but no nisin was detected in the cerebrospinal 
fluid at the end of 24 hours. The rabbits survived in good condition till they were 
killed after 2 months. One rabbit that received 0.12 mg. in solution died 3 hours 
after the injection, having had a series of fits. In this animal some difficulty was 
experienced in the preliminary withdrawal of cerebrospinal fluid, so that the fits 
and death may have been due to trauma, though this was not obvious at post- 
mortem inspection. 


Toxicity to cells 
Mackaness (1952) found that 50 ug. of crude nisin per ml. of culture fluid did 
not affect the motility of isolated macrophages. 


Excretion 

Urine from the bladders of five mice that had received 0.1 mg. (10 units) of nisin 
intravenously in | ml. of saline at pH 7 was collected at the end of 3 hours. Blood 
was collected from the cut inferior vena cava. For purposes of control, urine and 
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blood were collected in a similar way from five animals that had not received nisin. 
The urine secreted in 3 hours contained | unit/ml.; the serum at the end of 3 hours 
0.08 units/ml. 

In another experiment four mice were injected intravenously with nisin solution 
and two with nisin suspension. The mice were placed in pairs in glass cages, the 
floors of which were covered with four thicknesses of filter paper. After 24 hours 
the faeces were picked from the filter paper, which had been torn up by the mice. 
The paper was then extracted with 0.05 N-HCl. From the four mice that received 
0.1 mg. (10 units) in 1 ml. of solution, 15 per cent of the injected material was recovered 
from the filter paper after 24 hours. In the same time only 3.6 per cent appeared 
to be excreted by the two mice that received 1.0 mg. suspended in 1.0 ml. (100 units). 

These experiments made it clear that nisin is excreted by, the kidneys, but neither 


rapidly nor completely. 


Amount of nisin in serum 

Mice were injected intravenously with 0.1 mg. (10 units) of nisin in 1 ml. of 
saline at pH 7. At various times after injection they were killed, the blood collected 
from a cut abdominal vein, and the serum assayed. Table III summarizes the results 
of two experiments. These experiments showed that some nisin remains in the 
blood for a matter of hours after injection. 


TABLE III 


THE AMOUNT OF NISIN IN THE SERA OF MICE AT VARIOUS TIMES AFTER THE INTRAVENOUS 
INJECTION OF 0.1 MG. (10 UNITS) OF NISIN 


Each figure is derived from one mouse 











Experiment 1 Experiment 2 
Time after injection Units/ml. in serum Time after injection | Units/ml. in serum 

5 min. 0.96 6 min. er. 

0.96 a | 2.15 

me we 0.8 oe: 1.55 
1 br 0.63 - am | 2.15 
2 0.4 ” «# 0.9 
| pe 0.3 1 hr. 0.78 











A trace of nisin was detected after 24 hours in the serum of the two mice that 
received | mg. (100 units) of nisin in suspension in the experiments described under 
** excretion,” and in five out of seven mice that received 8 mg. of nisin suspension 


in 8 days (see next section). 


Distribution in the tissues 

Seven mice received eight daily intravenous injections of 1 mg. of nisin in 0.3 ml. 
of suspension. On the 9th day the animals were killed. Pieces of lung, liver, 
kidney, and spleen from three of the mice were extracted with 0.05 N-HCI and the 
extracts neutralized and assayed. Tissue extracts from untreated mice gave no 
zones of inhibition on the assay plates. The results are shown in Table IV. 
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TABLE IV 


AMOUNT OF NISIN IN THE TISSUES OF MICE AFTER EIGHT DAILY INTRAVENOUS INJECTIONS OF 
1 MG. FIGURES ARE UNITS PER G. OF WET TISSUE 








Mouse | N 19 N 22 N 23 
Lung .. : el — 0.9 0 
Liver .. “ “ 0.59 0 0.48 
Spleen ne 4 2.2 1.1 1.0 
Kidney - | 3.3 4.0 3.3 





The large amounts in the kidney may perhaps be accounted for by embolism of 
the capsular capillaries, as was seen with micrococcin and micrococcin-Triton 
(Markham, Heatley, Sanders, and Florey, 1951; Heatley et a/., 1952). It is not 
surprising that the spleen should contain a high concentration as, no doubt, the 
phagocytic cells remove some of the material from the blood. The nisin in the liver 
may have been taken up by Kupffer cells. 

Similar results were obtained with a rabbit that received 870 mg. in 18 daily 
injections. The assays were not as satisfactory as those from the mice, because 
extracts of tissues from an uninjected rabbit produce zones of inhibition. The spleen 
appeared to contain far more nisin than any other organ examined, and the amount 
in the kidneys was also large. 


Animal protection experiments 


Infection with Myco. tuberculosis.—Six albino rabbits weighing from 2 to 3 kg. 
were injected intravenously with 0.001 ml. of a 6-day culture of Myco. tuberculosis 
(‘‘ Branch” bovine strain) in Dubos and Davis’s liquid medium. Beginning 5 days 
after infection, three of the rabbits were injected intravenously on 6 days each week 
with 50 mg. of nisin in 15 ml. of suspension. The other three rabbits were used as 
untreated control animals. 

The daily intravenous injections caused no apparent distress, but there was 
progressive thrombosis of the ear veins. The details of the injections are shown in 
Table V. One control and one treated animal were killed at about 3, 5, and 7 weeks 


after infection. 
TABLE V 


DURATION OF EXPERIMENTS AND DETAILS OF NISIN INJECTIONS IN THE THERAPEUTIC EXPERIMENT 
AGAINST TUBERCULOUS INFECTION IN RABBITS 








Number of No. of days after No. of injections Total dose of 
infected rabbit | infection rabbit killed of nisin nisin, g. 
RN 13 | 22 | 15 | 0.75 
RN 12 | 33 | 23 | 1.15 
RN 14 47 23 1.15 





Macroscopically the control and the treated animals showed extensive generalized 
tuberculosis, especially of the lungs. Lesions were present in the spleen and kidneys. 
No differences were noted between the two groups. 


Microscopically the lungs of both treated and control groups showed confluent 
tubercles with caseation. In the spleens of the treated animals there was less extensive 


2F 








446 J. L. GOWANS, N. SMITH, and H. W. FLOREY 


disease and less caseation than in the controls, though numerous well-developed 
tubercles were present. There were no tubercles in the livers of the treated animals, 
but scattered giant cells were conspicuous. This contrasted with the livers of controls, 
where many microscopic tubercles without caseation were seen. 

Tubercle bacilli were cultured from the lungs and spleens of all the control and 
treated animals. 


Infection with Str. pyogenes.—Female mice weighing about 20 g. were infected 
intraperitoneally with 0.5 ml. of a diluted serum broth culture of a virulent Str. 
pyogenes (CN 10 strain). Treatment was started one hour after infection. 


Effect of a single intravenous dose of nisin suspension—Twenty-four mice were 
infected with a 1: 100 dilution of an 18-hour culture of Str. pyogenes. Ten mice 
were injected intravenously with 0.5 mg. nisin in a suspension containing 2.5 mg./ml. 
Fourteen mice served as untreated controls. All the control mice were dead 29 hours 
after infection. Seven out of ten of the treated mice survived and no abnormalities 
were found in them when they were killed 31 days after infection. 


Effect of two intravenous doses of nisin suspension—Twenty mice were infected 
with a 1: 100 dilution of a 17-hour culture of Str. pyogenes. Ten mice received an 
intravenous injection of nisin 14 and 8 hours after infection, and ten mice served as 
control animals. Each dose contained 0.2 mg. of nisin in a suspension containing 
2 mg./ml. All control animals were dead within 27 hours, while all treated animals 
survived. When they were killed 29 days after infection no abnormalities were found. 


Infection with Staph. aureus. Effect of local application Five mice, infected 
intraperitoneally as described in the next section, were treated with a single intra- 
peritoneal injection of 1 mg. nisin suspended in | ml. of water at pH 7.4. The mice 
survived for 7 weeks in apparently good condition, when they were killed. Three 
mice had large thick-walled abscesses in the peritoneal cavity, and two appeared to 
be normal. 


Effect of a single intravenous dose.—Fifteen female mice weighing about 20 g. 
were infected intraperitoneally with 0.5 ml. of a 1: 1,000 dilution in 7 per cent mucin 
of a 24-hour broth culture of Staph. aureus (CN 491 strain). Six mice were treated 
with a single intravenous dose of | mg. nisin in 0.5 ml. of suspension. There was no 
significant prolongation of life, all the control mice dying within 24 hours and the 
last survivor of the treated group at 36 hours. 


Effect of repeated intravenous injections—After the effects of local application 
and of a single intravenous dose had been tested, six other crude samples of nisin 
became available. Of these Batch 754, produced in a peptone medium, proved to 
be the most active in vitro against the mouse virulent strain of staphylococcus, 
inhibiting growth for 48 hours at a dilution of | in 6.4 millions. This batch was 
accordingly used in.a therapeutic experiment. 

Forty mice were infected intraperitoneally with 0.5 ml. of a dilution in 7 per cent 
mucin of a 14-hour serum broth culture of Staph. aureus. Twenty mice received 
1: 1,000 dilution of the culture; twenty received 1: 100,000 dilution. Ten mice 
receiving each dilution were treated with five intravenous injections of 0.5 mg. nisin 
in 0.2 ml. of suspension. Treatment was started one hour after infection and given 
twice a day for 24 days. All the treated mice in the group infected with the smaller 
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inoculum survived and showed no abnormalities when they were killed 28 days later, 
whereas all the control mice were dead 26 hours after infection. In the other group 
all the control mice were dead at 12 hours, but none of the treated mice died from the 
infection during the period of observation; eight out of nine examined post mortem 
at 28 days had thick-walled staphylococcal abscesses in the abdominal cavity. 


DISCUSSION 


The work just described was done to explore the possibility of using nisin for the 
treatment firstly of experimental tuberculosis, and secondly of tuberculosis in man. 
Many titrations with a number of samples of crude nisin against a number of strains 
of Myco. tuberculosis confirmed Mattick and Hirsch’s statement that the material 
was active in vitro against this organism, but it was not possible to confirm that its 
potency was as great as or greater than that of streptomycin when tested in Dubos 
and Davis’s liquid medium. The figures obtained with this medium were approxi- 
mately the same as those obtained by Mattick and Hirsch, using Long’s medium. 
Nor did the results in vitro accord with those of Bavin et al. (1951). 

A number of fractions obtained from crude nisin by counter-current distribution 
(Berridge et al., 1952) were not more active in vitro against Myco. tuberculosis than 
the crude substance. The trial of a good sample of nisin against tuberculous in- 
fection in the rabbit was discouraging. It was not possible to confirm the good 
results of Hirsch and Mattick, though the method of administration was somewhat 
different. The two experiments are set out for comparison in Table VI. Possibly 


TABLE VI 


DETAILS OF THE THERAPEUTIC EXPERIMENT AGAINST EXPERIMENTAL TUBERCULOUS INFECTION 
IN RABBITS COMPARED WITH THE EXPERIMENT DESCRIBED BY HIRSCH AND MATTICK (1949) 








Treament : , 
started: | sie sal a — Duration of 
pw cone treatment mg./kg.| mg./kg. treatment | experiment 
| | 
Present experiments i 5 days daily 20 300-460 2-3 weeks | 3-7 weeks 
Hirsch and Mattick (1949) 12 hours  8-hourly 57 285 5 days 12 weeks 





the present work was done with more virulent bacilli than those used by Mattick 
and Hirsch. Mackaness (1952) has shown in vitro that nisin is unable to inhibit the 
growth of the tubercle bacilli within macrophages even when 50 xg./ml. was present 
in the surrounding fluid. 

It was not possible to do more experiments with rabbits, as the supplies of nisin 
were small, but such results as were obtained did not encourage the belief that other 
procedures would be more successful. In a private communication Dr. Mattick 
suggested that the nisin which was used in the present work might not be the same 
as that with which he and Hirsch originally worked. The findings here reported are 
in agreement with the negative results of Bavin et al. (1951). 

The pharmacological results suggest that the toxicity following intravenous 
injection, reported by Hirsch and Mattick, was probably due to embolism of the 











448 J. L. GOWANS, N. SMITH, and H. W. FLOREY 


pulmonary vascular system. The fact that they found most nisin in the lung, unlike 
the results with a neutral suspension in the present observations, adds to this sug- 
gestion. 

Nisin when administered in suspension or solution did not appear to be very 
toxic as judged by the appearance of the animals, though the finding of lesions in 
the kidneys of mice and of a rabbit after repeated doses suggests that nisin is not 
free from toxic action on the kidney associated with most of the polypeptide anti- 
biotics. The focal lesions in the liver and lungs could be explained by the retention 
in these organs of substantial deposits of nisin around which an inflammatory reac- 
tion occurred, for when a suspension was injected subcutaneously at pH 7.4 it pro- 
duced a smart polymorph reaction but it did not cause sloughing. When injected 
intrathecally as a suspension nisin caused sufficient damage to the cerebrospinal 
tissues to kill the animal. These observations are of some value in assessing the 
potentialities of nisin, for it has been proposed as a local treatment for bovine mastitis 
(Taylor, Hirsch, and Mattick, 1949). The substance undoubtedly is very active 
against some strains of streptococcus, and has rather less but still considerable activity 
against some strains of staphylococcus. 

An antibiotic now has to have very remarkable properties to earn itself even a 
trial in human medicine. There are so many effective ways of dealing with infections 
by Str. pyogenes that the undoubted great protective effects of nisin in mice infected 
with this organism, in which the results of Mattick and Hirsch (1947) are confirmed, 
will probably never lead to a trial against natural infection in man. 

Though its effects were less striking in staphylococcal infections in mice they 
were by no means unsatisfactory. 

Infection by staphylococci resistant to penicillin and perhaps other antibiotics 
is a considerable clinical problem, and it is conceivable that the drug might be useful 
for local application in staphylococcal infections in man. 

In view of its great potency against organisms commonly infecting wounds, it 
might be of value as a local prophylactic application. 


SUMMARY 


1. Nisin powerfully inhibits the growth in vitro of many strains of Str. pyogenes 
and Staph. aureus, but appears to be considerably less active against Myco. tuber- 
culosis than previously reported. Fractions prepared from crude material had no 
greater activity against Myco. tuberculosis than the crude substance. 


2. As nisin is only slightly soluble at the pH of blood its toxicity was tested by the 
intravenous injection of fine suspensions into mice. The largest single intravenous 
dose that caused no symptoms or abnormalities was 8 mg. 

The intravenous injection of 1 mg. a day for 8 days caused no changes in the 
apparent well-being of mice, but histological examination disclosed small areas of 
necrosis in the liver and slight changes in the tubules of the kidneys. 

Intravenous injection of 870 mg. into a rabbit weighing 3 kg. over a period of 
18 days produced no striking effects. 

Nisin in suspension injected subcutaneously became encapsulated. 

Intrathecal injection of 4.5 and 9 mg. of suspension in two rabbits produced 
coma. 
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The substance, which was partly excreted by the kidneys, could be detected in 
the blood for some hours after injection. 


3. Under certain conditions it is effective against experimental infection of mice 
with Str. pyogenes and Staph. aureus. 


4. No effect was demonstrated against infection with a bovine strain of Myco. 
tuberculosis in rabbits. 


We are indebted to Mr. J. Kent, Mr. D. W. Jerrome, Mr. I. Chinn, and Miss M. 
Lancaster for technical assistance and to Dr. M. A. Jennings and Miss W. M. Poynton 
for help in the preparation of the manuscript. 
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In 1950 Aviado, Pontius, and Li showed that a number of antihistamine com- 
pounds, injected intravenously into dogs, caused a transient inhibition of respiratory 
movements, followed by a longer period of rapid shallow breathing. This response 
was abolished by cutting or cooling the vagi; it was attributed to an action on 
receptors in the lungs, since injection into the cavity of the left ventricle was ineffective. 
In 1951 Dawes, Mott, and Widdicombe showed that there are at least two types 
of pulmonary receptors in the cat which may be stimulated by the injection of drugs, 
and which alter breathing. Veratridine stimulates the pulmonary stretch endings 
(whose afferent nerves are blocked by cooling the vagi to 10° C.) and causes an 
arrest of breathing in the expiratory position. Phenyldiguanide and 2-a-naphthyl- 
ethylisothiourea cause a similar response, followed by a period of rapid shallow 
breathing. These effects are not abolished until the vagi are cooled below 3° C. 


In the experiments described in this paper the methods employed by Dawes, 
Mott, and Widdicombe (1951) have been used to analyse further the mode of action 
of the antihistamines diphenhydramine hydrochloride (Benadryl) and mepyramine 
maleate (Anthisan). It has been found that they do not stimulate the pulmonary 
stretch endings, but act on some other receptors in the lungs. 


METHODS 


Cats, dogs, and rabbits were used in these experiments. The cats were anaesthetized 
with chloralose (60 mg./kg.), and the dogs and rabbits with pentobarbital (32 mg./kg.). 
The animals were tracheotomized, and enclosed from the neck downwards in an air-tight 
box, whose volume was recorded on a kymograph. The blood pressure was recorded 
from the carotid artery with a mercury manometer, and injections were made through a 
cannula in the external jugular vein. The left auricle was cannulated in five*cats, through 
an incision between the third and fourth, or fourth and fifth ribs. These animals breathed 
spontaneously after the chest had been closed and air had been removed from the intra- 
pleural space. Action potentials wcre recorded from slips dissected from the phrenic and 
vagus nerves by means of a conventional resistance-capacity differential amplifier. In 
some experiments the electrocardiogram and respiratory movements were photographed 
simultaneously. The vagi were cooled on silver thermodes 1-2 cm. long through which 
alcohol from a freezing reservoir was circulated. The temperature was recorded by 
thermocouples incorporated in each thermode and connected to mirror galvanometers. 
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RESULTS 


In cats, rabbits, and dogs, mepyramine and diphenhydramine produced a sharp 
fall of blood pressure lasting about a minute, and often followed by a slight rise; 
and an inhibition of breathing in the expiratory position, which may last 20-30 
seconds (Fig. 1). This is usually followed by rapid shallow breathing with an 
increased expiratory volume (see Dawes, Mott, and Widdicombe, 1951). In all 
animals the respiratory effects were abolished either by cooling or cutting the vagi. 
The fall in blood pressure was not abolished by cutting the vagi. The doses required 
for a reproducible respiratory effect were 0.5-3.0 mg./kg. of diphenhydramine, and 
5-10 mg./kg. of mepyramine. Ina few experiments in which the respiratory responses 
were compared with those produced by phenyldiguanide, there was a close resemblance. 


} 
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Fic. 1.—Cat, 3.0 kg.; chloralose. Records of respiratory movements (above), and blood pressure 
(below). Injections of 10 mg. diphenhydramine and mepyramine were made intravenously 
(I.V.) and into left auricle (L.A.). The intra-auricular injections cause no inhibition of 
breathing, which must therefore be due to an action of the higher concentration within the lungs. 


In five cats the left auricle was cannulated, and natural breathing was re-estab- 
lished after the chest had been closed. It was found that a dose of mepyramine 
or diphenhydramine which effectively inhibited respiration on intravenous injection, 
produced little or no respiratory effect when injected into the cavity of the left 
auricle (Fig. 1). This was also true of phenyldiguanide in the three animals in 
which this substance was used. The left auricular injections in most experiments 
produced a greater fall in blood pressure. While, therefore, it would appear that 
the respiratory action of these drugs in cats is due to an effect on pulmonary receptors, 
the cardiovascular action must be attributed to other causes. 


In order to obtain additional evidence of the action of these two antihistamines 
on pulmonary receptors, the latency between injection and response was measured. 
Action potentials were recorded from the phrenic nerve in three cats, while injections 
were made into the right auricle through a catheter passed down the jugular vein. 
The average latency between injection and the inhibition of phrenic motoneurones 
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was from 2 to 2.2 seconds for mepyramine, and from 1.3 to 2.5 seconds for diphen- 
hydramine. The latency for veratridine was always longer, and varied from 3.6 
to 5.9 seconds. 

In sixteen cats, eleven rabbits, and seven dogs the effect on the respiratory reflex 
of cooling the vagi to various temperatures was investigated. In all animals, a 
control response with the vagi uncooled was first established. With the vagi cooled 
to temperatures between 5 and 10° C. a positive response to diphenhydramine was 
obtained in each of five cats. Even at 2° C. or below, three of four cats still showed 
a clear reflex effect. The response to mepyramine was present in five of seven cats 
at vagal temperatures between 5 and 10° C. In four of five it was absent at 2.5 
or 2° C. (Fig. 2). The results with rabbits were less clear, but in two experiments 
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Fic. 2.—Cat, 3.1 kg.; chloralose. Records of respiratory movements (above), and blood pressure 
(below). Intravenous injections of 10 mg. mepyramine. With both vagi cooled to 2.5° C., 
the respiratory inhibition is completely blocked. There is a slight effect at 5° C., and a clear 
inhibition at 7° C. The vagi were cooled for 2 min., and injections were made at intervals 
of 5 min. 


a reflex response to mepyramine and diphenhydramine was observed at vagal 
temperatures below 5° C. In dogs, diphenhydramine only was used, and it was 
found that the respiratory reflex persisted at temperatures as low as 2° C., while 
the reflex effects of veratridine were abolished between 12 and 14° C. 

These observations show that in all three species the respiratory reflex which 
mepyramine and diphenhydramine cause by acting on receptors in the lungs differs 
from that caused by veratridine, and cannot be explained by an action on pulmonary 
stretch endings. In addition, the action of massive dose of diphenhydramine on 
the pulmonary stretch endings has been investigated directly by recording action 
potentials from the vagus in cats and dogs. The animals were maintained on 
artificial respiration, the right vagus was cut, and records were made from the left 
vagus. The sensitization of pulmonary stretch fibres which is typical of veratridine 
was never observed, and in seven of fourteen fibres in cats, and thirty-three of sixty- 
four in dogs, diphenhydramine either reduced the frequency of discharge or abolished 
it altogether (Fig. 3). The fact that diphenhydramine is a local anaesthetic (Dutta, 
1949) may explain the disappearance of the discharge. 
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Fic. 3.—Cat, 3.4 kg.; chloralose. Action potentials recorded from left vagus (artificial respiration). 
A, tracings continuous, injection of 20 mg. mepyramine during second breath. The fibre 
discharge is abolished. B, record made 2 min. later, when discharge has returned. 


DISCUSSION 


The results show that the reflex apnoea and subsequent rapid shallow breathing 
caused by mepyramine and diphenhydramine is different from that caused by 
veratridine. The antihistamines do not sensitize the pulmonary stretch endings, 
and the respiratory reflex survives at vagal temperatures below 5° C., whereas the 
stretch fibres are blocked and the veratridine reflex abolished at temperatures of 
10 to 12° C. The latency of the reflex is also considerably shorter than that of 
veratridine. These conclusions are in agreement with those reached by Aviado, 
Pontius, and Li (1950), who showed that, in dogs, antihistamines caused a respiratory 
reflex after tachyphylaxis to veratridine had developed, and that veratridine could 
cause respiratory inhibition on inhalation, whereas the antihistamines would not. 
These observations, in conjunction with those recorded in this paper, suggest that 
the receptors for diphenhydramine and mepyramine are considerably nearer the 
pulmonary valves than those for veratridine; they may even be on the arterial side 
of the pulmonary vascular bed. 

In all these respects, the antihistamines closely resemble the amidines, and it 
seems likely that the reflexes involved in cats and rabbits are the same. [If this is 
so, the results in dogs are of particular interest. Dawes, Mott, and Widdicombe 
(1952) find that in this species certain amidines excite the chemoreceptors of the 
carotid and aortic bodies, and cause no respiratory reflex from pulmonary receptors. 

Here, then, is further evidence for the existence of a second set of reflex afferent 
endings in the lungs, which are sensitive to the action of certain drugs, and which 
are capable of producing an inhibition of respiration. Their physiological function 
still remains an open question. 


SUMMARY 


1. The action of the antihistamine compounds mepyramine and diphenhydramine 
on respiratory reflexes has been investigated in cats, rabbits, and dogs. The transient 
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apnoea and subsequent rapid shallow breathing which they cause are due to an 
action on receptors in the lung. 


2. Mepyramine and diphenhydramine decrease the discharge frequency or 
abolish the activity of the pulmonary stretch endings. But since their reflex action 
on breathing persists when the vagi are cooled to a temperature at which the pul- 
monary stretch fibres are blocked, this action must be due to an effect on other 
receptors in the lung not yet identified. 


I am most grateful to Dr. G. S. Dawes, who suggested these experiments, for his help 
throughout the work, which was carried out during the tenure of a grant from the Medical 
Research Council. 
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Cobb, Cohen, and Ney (1938) observed that intraperitoneally administered 
brilliant vital red and neutral red increased the resistance of mice and rabbits to 
various convulsant drugs (cocaine, strychnine, picrotoxin, etc.), but not to electrically- 
induced convulsions. Aird (1939) and Aird and Strait (1944) confirmed this and 
suggested that the effect was due to decreased permeability of the blood-brain 
barrier, since spectrophotometric determir ations showed a reduction by 30-40 per 
cent in the amount of cocaine passing into the brain and cerebrospinal fluid of 
dogs and cats treated with brilliant vital red or trypan red. Aird and Strait found 
that the maximum effect with trypan red, a dye closely related to brilliant vital red, 
occurred after three or more daily doses. Hurst and Davies (1950) were able 
partly to confirm these observations. 

Wood and Rusoff (1945) studied the effect of similar pre-treatment on the inci- 
dence of encephalitis resulting from injection of ““ M M ” virus into mice and cotton 
rats. In mice, one to three daily intraperitoneal doses of trypan red conferred 
increasing degrees of protection against small doses of virus administered by the 
same route on the 4th day. A degree of protection lasted for at least 29 days after 
the last injection of dye. The effect in cotton rats was less definite. Trypan red 
did not inactivate virus in vitro in 36 hours at 37° C. It did not have an effect when 
given simultaneously with virus. Against ““M M” virus injected intracerebrally 
preliminary treatment with trypan red was without action, but with the Lansing 
virus thus introduced deaths were significantly reduced (P=0.03). Congo red and 
brilliant vital red were rather less effective; trypan blue, acid fuchsin, alizarin red, 
superchrome violet B, neutral red, and bismarck brown ineffective. Wood and 
Rusoff were cautious in interpreting these results in terms of altered permeability 
of the blood-brain barrier. 

Hammon, Aird, and Sather (1948) failed to induce significant protection against 
the virus of Russian spring-summer encephalitis or “MM” virus when trypan 
red was injected subcutaneously and virus intraperitoneally; they interpreted Wood 
and Rusoff’s results as due to non-specific peritoneal protection afforded by the 
injection, prior to virus, of inert particles. Murray, Scrugham, and Foter (1949) 
concluded that congo red gave apparent protection against ““MM” virus but 
that the degree of protection was not significant. 
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Our own observations, made at intervals during the last four years, agree largely 
with those of Wood and Rusoff in showing that some dyes afford partial protection 
against certain neurotropic viruses. So also do some other chemical substances 
of wholly dissimilar nature. Preliminary experiments with a number of infections 
showed that the effect was probably most marked against the arthropod-borne 
viruses of Eastern equine encephalomyelitis and louping-ill, and it is with these 
alone that the present report is concerned; a companion paper deals with the effect 
of various substances in other virus diseases. It is pertinent to what follows to 
recall briefly the course of the diseases under consideration. Injected peripherally, 
a small dose of virus multiplies greatly and circulates in the blood stream, without 
necessarily reaching the nervous tissues and causing encephalitis (Hurst, 1936). 
The systemic phase of infection is accompanied by few or no signs of illness and, 
if encephalitis does not supervene, the animal survives immune to peripheral 
re-injection of virus but seldom immune to intracerebral inoculation. The propor- 
tion of animals developing encephalitis is determined by several factors of which, 
as Sabin and Olitsky and others have demonstrated, the most important is age 
(see Hurst, 1950); Hurst produced evidence that one of the factors contributing 
to relative resistance of the older animal is the more restricted multiplication of 
virus and its more evanescent appearance in the blood stream, combined with a 
rather lower susceptibility of the central nervous system. As far as the laboratory 
mouse is concerned, involvement of the central nervous system is always (equine 
encephalomyelitis) or nearly always (louping-ill) fatal, so that for practical purposes 
the number of deaths indicates the number of animals in which the nervous system 


has been invaded. 
EXPERIMENTAL 


The viruses and methods used in this work 

The strains of virus were those used in previous investigations (Hurst, 1936, 1950). 
They were titrated before experiments and a dose given which, we hoped, would lead to 
between 25 and 28 deaths in groups of 30 untreated mice. Replicate control groups 
usually suffered remarkably similar mortalities. Thus on one occasion the mortalities in 
4 groups of 30 mice infected with the same virus by different operators were 29, 27, 28, 
and 29 in mean periods of 5.1, 5.0, 5.7, and 4.9 days respectively. Other similar observations 
could be cited. Nevertheless, we did not always succeed in achieving the desired mortality, 
which failure we are inclined to attribute to lack of control over the age of the animals 
rather than to the virus. As we have said, the development of encephalitis is by no means 
synonymous with infection of the animal, and the most important variable relating the 
two is age. Although we used randomized mice of uniform weight (17-18 g. when dosing 
first began), weight is, of course, only an approximate indication of age, since animals 
from small litters grow more quickly than those from large. Throughout, therefore, 
we impressed upon our supplier of animals that the mice must all come from small litters, 
but we had no means of checking that these instructions were always obeyed. 

A further source of variation over the years were the different samples of virus used to 
initiate infection. A study of our records showed that with a virus which had been passed 
at rather infrequent intervals, while the preliminary titration and choice of a suitable 
infecting dose might ensure the desired mortality, the deaths occurred later and over a 
longer interval of time than with a virus passed several times in rapid succession. The 
mean period of survival was therefore longer. This difference in the intrinsic ‘* virulence ” 
of the virus apparently influenced the result of treatment with some of the weaker therapeutic 
agents, which often produced an effect only when tested against a less rapidly acting sample 
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of virus, or produced a better effect under these conditions. This fact explains much of 
the variation between successive tests, noted particularly in Tables V and VI. In recent 
work we have minimized such variation by continual return to our lyophilized ‘* master ”’ 
virus, and in many instances have repeated earlier observations to verify conclusions 
previously drawn. One example of the kind of observation made in this connection 
appears in the companion paper. 

In most experiments we observed the animals for 30-35 days, that is to say for a much 
longer period than is necessary when no therapy is attempted. Elsewhere (Hurst, 1948; 
Hurst, Peters, and Melvin, 1950) we have pointed out that the effects of various remedies 
on experimental psittacosis and lymphogranuloma venereum can be accurately compared 
only if adequate time is allowed for delayed deaths to occur, and the same is true of some 
of the effects described below. The significance of the results was assessed with the aid 
of the tables of Loewenthal and Wilson (1939). 

Initial doses of the various compounds were determined by preliminary toxicity tests 
as those which, under conditions comparable with those obtaining in the therapeutic tests, 
caused no mortality and also allowed the mice to gain weight as fast as, or nearly as fast 
as, undosed controls. In a few instances it was found that this ‘* maximum tolerated dose ”’ 
was not necessarily as effective as a smaller dose, an observation with which we were 
already familiar in the chemotherapy of psittacosis and lymphogranuloma venereum. 
On the other hand, subeffective doses of some weakly active compounds often resulted 
in a mortality heavier than that in untreated mice. Many drugs were administered intra- 
peritoneally to avoid possible vagaries of absorption from the alimentary canal, and 
substances of very high molecular weight were injected intravenously to ensure as wide 
a distribution as possible; on these occasions control mice received a comparable volume 
of water intraperitoneally or intravenously, although ad hoc tests on several occasions 
revealed no difference in mortality between mice given no treatment and those receiving 
water intraperitoneally or intravenously in the amounts used. Where twice-daily dosing 
is mentioned in this paper, it should be understood that only single doses were given on 
Saturdays and Sundays. 


Preliminary tests with trypan red 

We stained mice with four daily intraperitoneal doses of | mg. trypan red 
(C.I. 438), infected them with virus on the 5th day, and continued dosing with trypan 
red on the 7th, 10th, 13th, and 16th days. This treatment clearly reduced mortality 
following intramuscular injection of equine encephalomyelitis virus; in two of 
three experiments the results were highly significant (P=<0.005). With louping-ill 
no individual result attained significance (P=0.05), but the trend of five experiments 
was unmistakable and the combined results significant. With neither virus was 
treatment effective against intracerebral infection. 

When we administered dye intravenously instead of intraperitoneally, the mice 
tolerated daily doses of only 0.5 mg. At this level of dosage beneficial effects were 
very much less pronounced, and sometimes heavier mortalities occurred among 
the vitally stained than among control mice. When also the intraperitoneal dose 
was lowered to 0.5 mg., the protective effect largely disappeared. When given 
after virus the higher doses of dye produced no beneficial effect. Finally, when 
the “ virulence’ of the equine encephalomyelitis virus was exalted to a point at 
which recipient mice died after a mean period of less than about five days, the effect 
of trypan red was greatly diminished or even absent. 

Histological examination of groups of 10 treated and 10 untreated mice at daily 
intervals after intramuscular injection of equine encephalomyelitis virus disclosed 
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no qualitative or topographical difference in the neural response in the two groups. 
At the earliest stage of nervous involvement in this experiment, 72 hours after 
infection, 4 of 10 control animals showed early lesions while none of 10 treated 
mice did so. Invasion of the nervous system thus seemed to be retarded in treated 
animals, with the implication perhaps that some mice which normally would ha,e 
developed encephalitis at a later stage failed to do so when dosed with trypan red. 

Treated mice surviving equine encephalomyelitis without showing signs of 
nervous involvement were usually immune to intramuscular injection of large doses 
of virus, but seldom resisted intracerebral injection. In this respect they resembled 
untreated animals which escape obvious nervous involvement, and in which there 
is no indication that virus has ever gained access to the central nervous system 
(Hurst, 1950). In other words the evidence does not suggest that trypan red acts 
by converting an apparent into a subclinical infection of the nervous system. 

These preliminary tests demonstrated that doses of trypan red near the maximum 
tolerated protected from death a proportion of mice infected intramuscularly, but 
not intracerebrally, with equine encephalomyelitis or louping-ill. At the dosage 
used the effect was evident only when administration of dye preceded infection 
with virus. The subsequent immunity of survivors to intramuscular re-injection 
of virus showed that systemic infection had not been prevented. The absence 
of cerebral immunity in survivors, and the lack of effect of trypan red when virus 
was injected directly into the brain, suggested that the dye acts by preventing virus 
from reaching the central nervous system rather than by modifying an established 
nervous infection. 


Examination of other dyes, whitening agents, and suramin 


The behaviour of trypan red suggested that other vital dyes might prevent mice 
from dying of equine encephalomyelitis. Accordingly we tested a number of dyes 
of different chemical type and biological behaviour. The bis-azo bismarck brown 
(C.I. 331), the azine neutral red (C.I. 825), and the anthraquinone new wool blue 
(an experimental dye) are basic, and the triphenylmethane “ Lissamine” green 
(C.I. 735) is a zwitterion; all these readily pass the blood-brain barrier and stain 
the nervous substance. The bis-azo dyes trypan red, trypan blue (C.I. 477), and 
pontamine sky blue (C.I. 518) and the triphenylmethane isamine blue (C.I. 710) 
are acidic; they colour the meninges and the choroid plexuses, but do not penetrate 
the barrier to an appreciable extent and leave the nervous tissues proper uncoloured; 
microscopically, with the first three, particles of dye may be found in capillary 
endothelial cells and sometimes in mesodermal cells closely applied to the walls 
of the capillaries. 

Of these dyes only trypan red, trypan blue, and pontamine sky blue showed a 
clear effect against equine encephalomyelitis. Chemically their molecules are 
characterized by possessing 5, 4, and 3 sulphonic acid groups respectively. It 
seemed possible that if these dyes were adsorbed on to membranes they might 
impart to these an electrical charge tending to repel particles of virus, and thus 
interfere at some stage with the passage of virus into the central nervous system. 
Were this so, the effect should vary according to the number of acid groups present. 
Accordingly we examined other substances containing in the molecule various 
numbers of —SO-H (or other acid) groups. Many of these were bis-azo dyes 
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fairly closely related to trypan red and trypan blue and to one another; as a class 
they are cotton-substantive (that is, they show a selective adsorption to cotton). 
Further substances chosen for test were diacyldiaminostilbene sulphonic acids 
(D 51627, etc.), again related closely among themselves. They also have an affinity 
for cotton, and are used in the textile industry as whitening agents. Finally, we 
examined suramin (‘‘ Antrypol’’), also weakly cotton-substantive and containing 
six —SO;H groups. 

The tests set out in Table I suggest that, within these groups of compounds, 
the protective action against nervous involvement with the virus of equine encephalo- 


TABLE I 


EFFECT OF VARIOUS DYES, WHITENING AGENTS, AND SURAMIN ON EQUINE ENCEPHALOMYELITIS 
IN MICE 


Because of its persistence in the body suramin was given intravenously once, 24 hours before 

virus (10-°). The other compounds were given intraperitoneally twice daily beginning 

4 days before and ending 8 days after virus. The substances were commercial products 

except for those marked with an asterisk; these were purified from products manufactured 

by Messrs. Imperial Chemical Industries, Limited. The figures in parentheses in this and 

subsequent tables are the mean periods of survival of fatal cases calculated from the time 
of administering virus. Animals were observed for 30-35 days 











Number of D ™ Mortalities in groups of 30 mice 
Compound acid groups - 77) : 
in molecule | ™8-/*® 8 (i) (ii) | (iii) 
Water a! i a — @2 t€:c.) 26 (5.1) 30 (5.1) 30 (4.6) 
Trypan red (C.I. 438) om ait a | 0.5 19 (5.6) 17 (12.6) | 23 (16.2) 
Trypan blue (C.I. 477) .. 4 | 0.75 16 (12.3) 15 (11.5) 18 (6.1) 
0.5 — — | 26 (6.8) 
Pontamine sky blue (C.1I. 518) . 3 2 19(6.2) | — — 
Brilliant vital red (C.I. 456)... 3 | — 26 (5.0) — 
Chlorazol violet WBS (C.I. 387)* 3 0.75 — | 28 (4.1) — 
Chlorazol violet R (C.I. 388)* . 3 is — | Bata | _- 
Chlorazol violet N (C.I. 394)* . Z ] — 30 (5.1) — 
Congo red (C.I. 370) .. 2 z — 25 (6.3) — 
Chlorazol corinth GWS (C.I. 375)* 2 0.75 — 29 (6.1) — 
Chlorazol brown MS (C.I. 420)* 2 1.5 — | 27(4.5) | st 
Benzopurpurine (C.I. 448) - 2 2 — | 27 (5.6) — 
— 4B (C.I. aie 2 5 ~— 27 (4.5) — 
D 51627* .. é ia 6 0.5 — | 16 (4.6) | 26 (4.4) 
D 51554* . 4 0.5 | 24 (4.7) 30 (4.9) 
D 51904* .. 2 1.5 — 24 (4.8) | — 
0.5 — — | 20 (4.7) 
Suramin (*‘ Antrypol’’) . 6 2 — 24 (5.0) | 25 (4.8) 
1 28 (4.8) | — 





myelitis is related to the number of acid groups in the molecule; for example, with 
the exception of pontamine sky blue the dyes containing two and three acid groups 
showed up poorly, even though in many instances the maximum tolerated dose was 
higher than that of trypan red or trypan blue with five and four acid groups respec- 
tively. It will be noted that in these experiments both trypan red and trypan blue 
usually lengthened the mean period of survival in animals ultimately dying, owing 
to many of the deaths occurring at a late stage after dosing had stopped. On the 
other hand, with D 51627 and suramin all the animals which died did so during the 
period in which controls succumbed. 
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It thus appeared that several dyes or whitening agents, possessing an affinity 
for cellulose and containing in the molecule a sufficient number of acid groups, 
were able to reduce the incidence of nervous involvement in mice infected with 
equine encephalomyelitis virus. The cotton-substantive drug suramin also had 
some action in this sense. 


The effect of mepacrine and a comparison with that of trypan red 


Although so far the facts accorded well with the hypothesis advanced above, 
we now made an apparently contradictory discovery. Hurst (1948) demonstrated 
the therapeutic activity of Nitroakridin 3582 against psittacosis and lymphogranuloma, 
but found it inactive against equine encephalomyelitis and louping-ill. In similar 
work Eaton, van Allen, and Wiener (1947) had noted that substitution of —Cl for 
—NO, in the Nitroakridin molecule radically modifies its properties. It seemed 
worth while, therefore, to examine some other acridine derivative, and we tested 
mepacrine, which is, of course, strongly basic. As will be seen later, the choice of 
mepacrine as the acridine derivative to be tested was a lucky one. 

Table II illustrates the protective action of mepacrine against nervous involve- 
ment in equine encephalomyelitis and louping-ill. On repeated administration the 
most effective doses were near the toxic limit and some, but not all, groups of mice 


TABLE II 
EFFECT OF MEPACRINE ON EQUINE ENCEPHALOMYELITIS AND LOUPING-ILL IN MICE 


Drug was given orally (a) twice daily beginning 4 hours before virus injected intramuscularly 
or 24 hours before virus injected intracerebrally, or (5) as a single large dose 24 hours before 
virus injected intramuscularly 





Mortalities in groups of 


Infecting dilution 30 mice 


Virus and route of Dosage/18 g. 
inoculation 





Treated Untreated 





Equine encephalo- 10‘ intramuscular 2 mg. b.i.d. 3 days, | mg. b.i.d. 





myelitis 9 days 9 (10.4) |) 
ka 1 mg. b.i.d. 12 days | 20 (5.8) 28 (5.4) 
ait _ 0.5 mg. b.i.d. 12 days 26 (5.3) f 
10-*-> intracerebral | 2 mg. b.i.d. 3 days, 1 mg. b.i.d. 
| 7 days 15 (4.1) 25 (2.8) 
_ 10°? intramuscular | One dose 10 mg. 8 (8.4) 29 (4.5) 
10% iv eae 3 (6.0) | 29 (4.4) 
| 10-4 ee | « « mee 3 (11.3) | 30(4.6) 
| 10° as Dg i, | 4(14.7) | 25 (4.6) 
10 ’ ’° | ° ’° 10 9° | 0 6 (10.3) 
Louping-ill .. | 10-* intramuscular | 2 mg. b.i.d. 3 days, 1 mg. b.i.d. 
15 days 14 (19.2) |) 
_ | 1 mg. b.i.d. 18 days 15 (11.6) | +23 (9.2) 
| as 0.5 mg. b.i.d. 18 days 21 (10.6) J 
_10°* intracerebral — 2 mg. b.i.d. 3 days, 1 mg. b.i.d. 
13 days 24(8.2) | 28 (8.3) 
| 10° intramuscular | One dose 10 mg. 29 (9.6) | 30(7.8) 
}107 . - ah 27 (12.2) | 27 (9.6) 
/ 10-4 ms a 86 — 18 (13.9) | 26 (10.6) 
10° o res = | 18(15.0) | 26 (10.6) 


a |} » oo 10,, 8 (14.4) | 22 (11.3) 
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receiving them gained weight only slowly during the first few days; when dosing 
ended the mice very quickly caught up with the controls. In general, mepacrine 
was most effective against equine encephalomyelitis virus injected intramuscularly, 
less effective against this virus injected intracerebrally or louping-ill virus given 
intramuscularly, and only slightly active against the latter given intracerebrally. 
A single large dose of mepacrine was highly active against a wide range of dilutions 
of equine encephalomyelitis virus injected intramuscularly, but less successful against 
the bigger infecting doses of louping-ill virus. Unlike trypan red, the strongly 
basic mepacrine readily passes the blood-brain barrier, which no doubt accounts 
for its activity against virus subsequently injected into the brain. Comparative 
experiments showed that against virus injected intramuscularly mepacrine was 
much more active than trypan red, especially against over-virulent virus when the 
effect of trypan red tended to be swamped. 

The striking success of mepacrine in diminishing mortality in equine encephalo- 
myelitis of mice naturally led to some thought of what would be required of a drug 
to be used against this virus in the field. As stated previously, equine encephalo- 
myelitis and louping-ill are arthropod-borne diseases, and in consequence are of 
seasonal occurrence when the appropriate vector is available. They are also 
primarily diseases of animals, and the symptoms of infection are so indefinite, unless 
the central nervous system has been invaded, that in practice diagnosis is not made 
until this event has occurred, by which time neither trypan red nor mepacrine has 
any power to modify the result. Treatment would, therefore, need to be prophylactic 
at the beginning of the season of risk, and since repeated dosing would not be feasible 
a drug would succeed only if it were active on administration of a single dose, and 
if the effect of that dose persisted for a number of weeks. While protecting the 
animal against invasion of the nervous system by the virus, the ideal remedy would 
not prevent entirely the systemic infection; thus the animal would acquire a lasting 
immunity to further infection by a peripheral route. These considerations, together 
with the hope of defining further the mechanism by which trypan red and mepacrine 
protect many animals against encephalitis, account for the experiments described 
below. 

As we have seen above, a single large dose of mepacrine is effective against virus 
injected subsequently, and other experiments showed that it exercises a considerable 
though diminishing effect when administered 1, 24, or 48 hours after infection. 
On the other hand, it is useless when given 72 hours after infection, when nervous 
invasion has taken place. Under similar conditions a single dose of trypan red 
was only very slightly, if at all, active at any stage. 

The duration of the effect of a single dose of mepacrine or trypan red is not 
easily determined in a short-lived and rapidly maturing animal such as the mouse, 
in which by the age of 6 weeks susceptibility to involvement of the central nervous 
system has fallen very considerably in the absence of any treatment (see Hurst, 
1950). If the experimenter begins with newly-weaned mice which will tolerate 
only small quantities of drug, that which persists in the tissues is rapidly diluted 
owing to the increasing size of the mouse. If, on the other hand, he starts with 
animals of 16-18 g., these soon become fully-grown adults of which a relatively 
small percentage can be expected to develop encephalitis. In fact, we have carried 
out tests with both newly-weaned mice and animals of 16-18 g., increasing the 
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infecting dose of virus steeply with age to compensate as far as possible for the 
declining susceptibility to encephalitis. The results with newly-weaned mice sug- 
gested persistence of a possible slight effect of mepacrine against equine encephalo- 
myelitis at 8 days and of trypan red at 8 and 14 days. Against louping-ill no effect 
was noted at either time. In the experiments with older mice we also included suramin 
because of its known persistence in the animal body and the apparent slight protection 
obtained with it (Table I). Immediately after treatment mepacrine induced signi- 
ficant protection against louping-ill and very highly significant protection against 
equine encephalomyelitis; at 3 weeks hints of an effect were seen against both 
viruses, and none thereafter. Trypan red afforded significant protection against 
equine encephalomyelitis but not against louping-ill one day after dosing, and none 
subsequently. On this occasion the protection afforded against equine encephalo- 
myelitis by suramin did not attain significance and there was none against louping- 
ill. These experiments indicate that not even mepacrine will meet the challenge 
offered by conditions obtaining in the field. 

The mechanism by which mepacrine produces its effect is naturally of interest. 
Our first indication of an action on the growth of virus came from immunity tests 
in mice surviving as the result of treatment. Injected intramuscularly with equine 
encephalomyelitis virus, untreated mice may survive either because they have escaped 
infection altogether, or because while they have sustained a systemic infection the 
nervous system has not suffered invasion. These alternatives may readily be 
distinguished. In the former event the mice are not immune to intramuscular 
re-injection of virus, although by reason of advancing age a proportion may be 
resistant to encephalitis and, unless blood be examined daily for the presence of 
virus (which we did not do), re-inoculation may in some animals lead to no apparent 
result; this proportion can be minimized by using very large challenge doses of 
highly virulent virus. In the second event the mice are solidly immune to virus 
re-injected intramuscularly. Examining many animals from our therapeutic tests 
in this way, we found that 11 of 58 (19 per cent) surviving controls died from 
encephalitis after re-inoculation with a 10 per cent suspension of very virulent virus. 
Of 364 mice subjected to miscellaneous treatments which had had little or no effect 
on mortality 69 died of encephalitis—exactly the same percentage as among the 
controls. Of 281 mice, infected with the usual dose of virus and treated with 
mepacrine, 112 (40 per cent) died on challenge, but among those surviving treatment 
with mepacrine and infection with larger doses of virus (Table II) the percentage 
of resistant animals was much the same as among controls. These figures suggest 
that, provided the initial dose of virus is small, mepacrine can prevent a certain 
number of animals from becoming infected. 

The best index of extraneural growth of equine encephalomyelitis virus is the 
daily titre of virus circulating in the blood (Hurst, 1936, 1950). We therefore 
titrated virus daily in the pooled blood or brains of groups of mice under treatment 
or not, with the results assembled in Table III. The 50 per cent end-points given 
are not 50 per cent fatalities, but were derived on the principles outlined previously 
(Hurst, Peters, and Melvin, 1950). It appeared that treatment with mepacrine 
greatly reduced the amount of equine encephalomyelitis virus circulating in the 
blood stream after intramuscular injection, even on occasion to the point where 
virus was no longer detectable. By contrast, trypan red had comparatively little 
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TABLE Ill 


DAILY TITRES OF EQUINE ENCEPHALOMYELITIS OR LOUPING-ILL VIRUS IN THE BLOOD OR BRAINS OF MICE TREATED OR 
UNTREATED WITH MEPACRINE OR TRYPAN RED 


Equal volumes of defibrinated blood from each of 6 mice infected intramuscularly, or the whole brains of each of 
4 mice infected intracerebrally, were poo!ed and titrated at half-logarithmic intervals intracerebrally in groups 
of 6 mice. The dilutions of virus giving 50 per cent end-points in the passage mice were derived as stated in the 
text. The log), dilutions are given below as positive quantities. N.V. no virus detected. Tr. = virus present 
in small amount, but the degree of extrapolation needed was too great to permit a reasonably accurate estimate 
































of titre 
Virus Days after infection 
and route of Treatment pote tenes : 
inoculation 1 2 3 + 5 
Equine encephalo- None 1.6 3.0 1.8 Tz: — 
myelitis 10-4-5i.m.| Trypan red 5 mg i.p. 24 hr. before virus 1.6 1.7 1.0 Te. — 
Trypan red 0.5 mg. ip. b.id beginning | 
| 2 days before virus 2:3 1.9 ‘2 | Te. — 
| Mepacrine 10 mg. orally 4 hr. before virus Te. 0.4 N.V. N.V. — 
Mepacrine 2 mg. orally b i d. for 3 days 
then I mg. b id. beginning 24 hr. before 
virus TF. 0.3 N.V. N.V. — 
Equine encephalo- | None 2.2 2.7 0.6 N.V. — 
myelitis 10-4-5i.m.| Trypan red 1 mg. i.p. daily for 4 days 
before virus then once every 3 days 1.8 1.6 Fe. N.V. —_ 
Equine encephalo- | None 0.4 3.0 2.1 — — 
myelitis 10-5i.m. | Mepacrine 10 mg. orally 24 hr. before virus N.V. N.V. N.V. | — — 
IOs im. .. .. | None 1.9 2.3 Tr. — -- 
Mepacrine 10 mg. orally 24 hr. before virus N.V. 0.9 Tr. -— — 
Equine encephalo- | None* 3.1 8.5 7.0 +7 —— 
myelitis {0-5-5 i.c. | Mepacrine 10 mg. orally 24 hr. before | 
| virus* N.V ee, 73 N.V — 
Mepacrine 2 mg. and | mg. b.i.d. as pet N.V 7.5 v3 N.V 
Louping-ill 10-4i.m. | None Tr. 0.4 Tr Fe. oe 
| Mepacrine 10 mg. orally 24 hr. before 
| virus 4, J N.V ‘FE. Lif ; o— 
10-2 i.m. . | None 0.5 0.3 0.1 Te. } o— 
| Mepacrine 10 mg. orally 24 hr. before 
virus | Tr. Te 0.4 0.5 _ 
Louping-ill 10-6 i.c. | Nonet — 2.1 4.7 6.4 6.3 
Mepacrine 10 mg orally 24 hr. before 
virust — 1.8 3.9 3.3 6.6 





*In duplicate groups mortalities 25, 10, and 15 out of 30 respectively. + In duplicate groups mortalities 30 and 25 
out of 30 respectively. 


effect on titre. Against small intramuscular inocula of louping-ill virus mepacrine 
exercised some inhibitory effect, but with larger infecting doses it merely retarded 
the rise to full titre in the blood. Against equine encephalomyelitis given intra- 
cerebrally mepacrine exerted a definite effect; with louping-ill it again only retarded 
full development of the virus, though this action was reflected in a slightly diminished 
mortality. Taking the observations as a whole, it is evident that they harmonize 
with the figures for mortality in the various experiments previously described. 
The action of mepacrine on virus is One which is seen only in the mouse; it has 
no parallel in vitro. A 2 per cent solution does not inactivate an equal volume of 
a 10 © dilution of equine encephalomyelitis virus within 24 hours at room temperature. 

In the literature dealing with the mechanism of poisoning of various lowly 
organisms with mepacrine, a number of vitamins and other substances essential 
t6 metabolism have been reported to inhibit its action. We tested some of these 
and other substances important metabolically to see whether they would counteract 
the action of mepacrine on equine encephalomyelitis virus; except for biotin the 
doses used were near the largest tolerated in previous toxicity tests. It can be seen 
from Table IV that a number of these substances tended to diminish the effect of 








464 E. WESTON HURST, P. MELVIN, and J. M. PETERS 


TABLE IV 
ATTEMPTS TO INHIBIT THE ACTION OF MEPACRINE AGAINST THE VIRUS OF EQUINE 
ENCEPHALOMYELITIS 
Mice were or were not given a single oral dose of mepacrine (10 mg./18 g.) 24 hours before 


virus. The other substances listed were given by various routes twice daily for 5 days 
beginning 4 hours before virus (10~°) intramuscularly to groups of 20 mice 





Mortalities in groups of 2 mice 














Substances tested | Without mepacrine With mepacrine 
| (i) (ii) (iii) | (i) (ii) (iii) 
None , ; | 15 (5.4) 17 (5.8) 17 (5.8) 0 4 (9.0) 5 (11.4) 
Adenosine triphosphate, 

10 mg. i.p. 20 (5.3) ~- -— | Toxic* — _— 
Adenosine triphosphate, | 

5 mg. i.p. ao — 12 (5.6) — | — 9 (6.4) — 
Ascorbic acid, 5 mg. iv... | 19 (5.5) “= — , 1 (10.0) — — 
Biotin, 2.5 ug. i.v. — | — _ _ 6 (11.0) ! — 
Calcium pantothenate, 

10 mg. i.p. .. | 19 (5.4) 15 (5.7) — | 1 (7.0) 9 (6.2) = 
Folic acid, 0.5 mg. ia .. — 17 (5.5) 16 (5.0) | _ 0 2 (10.0) 
Glutathione, 10 mg. i.p. 19 (5.4) 19 (5.8) — 8 (8.0) 11 (7.5) — 

2 mg. i.p. — 19 (5.6) — — 8 (7.0) on 
Nicotinic acid, 10 mg. oral 19 (5.7) 15 (6.2) — 5 (11.9) 6 (8.3) — 
Pyridoxine, 10mg.i.v. .. — — 17 (5.4) _ — 10 (11.8) 

2 mg. i.v. — — — — — 6 (9.8) 
Riboflavine, 10 mg. ‘oral . 19 (5.3) 18 (5.7) — 4 (11.8) 5 (8.0) —_ 

* Synkavit ” ante 10 mg. 

oral ; — 16 (6.0) 18 (5.3) | — 1 (11.1) 6 (12.4) 
Thiamine, | mg. i.v. .. | 20(5.7) 15 (5.7) — 5 (8.4) 5 (6.2) ~- 
None a xs .. 16 (5.7) 15 (5.6) — _ 5 (10.6) — 





* Animals given mepacrine combined with the larger dose of adenosine triphosphate all died. 


the drug; they were so dissimilar in nature, however, that it is doubtful whether 
any useful conclusions can be reached concerning the site or mode of action of 
mepacrine. Folic acid may have slightly enhanced the therapeutic activity of 
mepacrine. 

A further series of experiments attempted to determine whether or not electrical 
charge is important in contributing to the effect with mepacrine or with trypan red. 
If it is, it seemed possible that simultaneous exhibition of both drugs might destroy 
the effect due to either. Accordingly, we administered single doses of mepacrine 
orally and trypan red intraperitoneally, in stoichiometric proportions, four hours 
before infecting mice with equine encephalomyelitis virus. On two occasions the 
trypan red was given half an hour before mepacrine, and on two others half an hour 
after. In three of these experiments the effect of the combined treatment on mor- 
tality was the same as that obtained with mepacrine alone; in one experiment the 
mortality in the doubly medicated group was significantly higher than in the group 
treated only with mepacrine, though it was not nearly as high as in that receiving 
only trypan red (11, 2, and 25 out of 30 mice respectively—controls 28 out of 30). 
We cannot hold that these experiments demonstrate conclusively that the electrical 
charge of one drug is capable of counteracting the effect of the cine charge of 
the other. 
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The effect of mepacrine on louping-ill in its natural host and on equine encephalomyelitis 
in the chick-embryo 


We have seen that of the two diseases louping-ill is more difficult to influence 
beneficially than is equine encephalomyelitis. When in addition we found mepacrine 
to be tolerated in much smaller doses in the sheep than in the mouse, we did not 
begin therapeutic experiments in lambs with unrestrained optimism. The lambs 
were between 5 and 6 months old and their sera had been shown to be free from 
antibodies to louping-ill. Three received 50 mg./kg. of mepacrine on alternate 
days beginning 24 hours before virus, and three the same dose beginning 6 days 
before virus (10° intramuscularly). Infections were more severe in the treated 
animals than in an equal number of controls; the average daily titres of virus in 
the blood were higher, and five of six treated animals developed encephalitis and 
died as against two of six controls. 

Mepacrine proved equally disappointing as a therapeutic agent against equine 
encephalomyelitis in the chick-embryo. Applied directly to the chorio-allantoic 
membrane 24 hours before virus, it killed all embryos receiving | mg. or more and 
many of those receiving 0.1-1 mg. In the doses tolerated it did not protect against 
a single LD80 of virus. Embryos tolerated doses of 1.25 mg. given into the yolk-sac, 
but these also did not protect against the small dose of virus placed several hours 
or 24 hours later on the chorio-allantoic membrane. 


Examination of other substances tending to be stored intracellularly for a prophylactic 
effect in equine encephalomyelitis 


The comparable behaviour noted above prompted consideration of the charac- 
teristics shared by such apparently dissimilar compounds as trypan red (or trypan 
blue) and mepacrine. Both carry strong electrical charges, though these are of 
opposite sign, hence the differences in the behaviour of the compounds vis-a-vis 
the blood-brain barrier. Mepacrine, like trypan red, is cotton-substantive. Thera- 
peutically, both substances possess antiprotozoal activity, mepacrine against malaria 
parasites, trypan red against trypanosomes. Finally, both substances tend to be 
stored in cells. Vital staining is, of course, the expression of this property in trypan 
red, whereas mepacrine is concentrated in the tissues, as opposed to the plasma, 
to a very high degree. This last consideration led to examination of other sub- 
stances known or expected to accumulate in cells. 


We chose for examination the compounds listed in Table V for the following 
reasons: Nos. 1-5 are antimalarials all of which produce high concentrations in 
the tissues. The same applies to the trypanocidal drugs Nos. 6-8 and to No. 9. 
No. 10 has been used to visualize the vascular endothelium (Schlegel, 1949), and 
a metabolite of No. 11 stains liver cells more or less permanently (Hurst, 1952). 
Nos. 12-14 are wool dyes, that is to say they possess a strong affinity for protein. 
They are not very satisfactory in use; if given intraperitoneally they cause intense 
local staining but do not go elsewhere in appreciable amounts, while a single intra- 
venous injection colours the mouse’s tail so deeply that usually the operator cannot 
find the veins for a second injection. Nos. 15-20 are pairs of closely related chemicals, 
one member of which does not localize in the tissues while the other does. Hogan 
and Eagle (1944) have discussed the behaviour of Nos. 15 and 16. The other pairs 
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TABLE V 
EFFECT OF VARIOUS DRUGS TENDING TO LOCALIZE IN THE TIjSUES ON EQUINE ENCEPHALOMYELITIS IN MICE 


Single doses were given 4 -, 24 hours before virus; repeated doses were begun 3 days before and ended 8-11 days 
after administration of virus (10-5 or 1075-5 intramusculariy) 




















Dose in | Ere. Mortalities in groups of 30 mice 
No Compound mg. /18 g. - aerate — — —acmed 
. and route (WEMCY) (i) (ii) Gi) | dv | W& (vi) (vii) 
— | None oa e — — | 28(5.1) | 30(4.6)| 27(6.1) | 28(5.4) | 22(8.1) | 29(4.9)| 27(5.7) 
- Mepacrine .. .. | 2 oral3 | 
days then 
1 oral b.i.d 3(15.6) 3(8.3)) 2(16.0); 4(13.3)) 5(10.7)| 2(6.6)| © 
1 2-(p.Chlorphenylguan-| 2 oral b.i.d. | — — — 29(5.4);  — 
idino)-4-?-diethyl- 0.5 ip. b.id.| 21 (13. %)) 29 (. 0)} _— —_— — _- | — 
aminoethylamino-6- | | | 
eotiargpeanitins | 
2 | Pamaquin .. . | 0.5 oral b.id.| 26 (7.2) — — — _— 30 (4.9); 25(5.6) 
3 | Chloroquin .. 1 oral b.i.d.| 22(6.3) | 28(5.0) — — | iy | =" 30 (5.4) 
4 Proguenil (** Palu- 
| drine” 0.25 oral bid — 30(S.7)| _- —- |; —- — 
5 | Quinine Neibiabtiteshiie 10 oral Once — 18 (5.6) — _- 27 (4.9 28 (5. 3) 
5 oral b.id — — | 17 (7.9) a 15(6.5) | 30(4.4 3 28 (5.3) 
6 Stilbamidine isethion- | | i.p Once _ — — 29(5.2) | 18 (6.3) _ 27 (5.4) 
| ate 0.25ip b.i.d. — — | — | 27(5.4) | 16(5.1) — 24 (6.4) 
7 Pentamidine isethion- | | i.p Once a | 29(4.1) 19(6.0) ; — os }; o— 28 (5.4) 
ate 0.25 i.p. bid. — | 28(4.5)| 21 (6.3) —- 15(9.0) | — _ | 30(S.6) 
| O.1 ip. bid — — - —- 16 (8.4) —- _ 
8 Antrycide* .. 0.1 s.c. b.id a= _- 27 (6.9) — — -- _ 
0.05sc. | bid _— — 25 (6.7) — fo — 4; — 
9 | Benadryl | 2.5 oral | Once — | 26(4.5) — 27 (5.3) 17 (8.4) | 28(5.1)| 28(5.2) 
} | 1.25 oral | bid - 29 (4.0); 20(6.7) | 29(5.3) — | 28(5.1)| 25(5.2) 
10 Thioflavine S liv. Once — —_ — ; 23(5.7) | 17 (6.8) —- | — 
0.15 i.v b.i.d — — | 20(7.2) | 23(5.7) — — _— 
11 2:6-Diamino-anthra- | 4 oral Once — — — | 20(5.6) | 18(9.5) — 27 (5.2) 
pyrimidine | 0.2 oral bid — -- — | 29 (4.7) — _ — 
| 0.05 oral | bid.| — — — 22 (5.0) — - = 
12. | Carbolan brilliant blue| 1 i.v. Once — — -— 27 (4.2) | -- — — 
2 | lip. bid — — —_ 28 (4.7) | —— — — 
13 Carbolan violet 2R .. 2 i-v. Once — = — 25 (5.4) — — — 
| Li.p. bid — — — 27 (4.6) | [= — 
14 Carbolan blue B | 2k. Once _ -—— -- 28 (4.4) — ; — — 
| lip. b.id — — _ 29 (4.6) — _— — 
15 Tryparsamide 20 oral bid — a —_— 23 (5.3) — — — 
16 Phenylarsenious acid 0.01 i.p. bid —- — — 29 (5.1) a — — 
17 p-Aminophenylethyl- | 2.5i.p. bid | 25 (4.0) — | — — — — — 
| sulphone | 
18 | p-Aminophenyl §-di- | 
ethylaminoethyl- 
sulphone .. 2.5ip. bid.) 30(442); — | — —- | =— |} = 
19 2:5-Diamino-4 :6-di-_ | 
methylpyrimidine | 2.5 i.p. b.i.d — ai — 22 (5.0) | — — = 
20 | 2-Amino- 5 -diethyl- | | | 
aminoethyl-amino- 
4:6-dimethylpyrimi- | | 
dine og .. |2.5ip. | bid. ails ee aa xGo»| — i — 





* Also inactive in two tests against louping-ill. 


were studied by my colleague Dr. A. Spinks (personal communication), who found 
that introduction into the molecule of a basic side-chain led to enhanced concentration 
in the tissues. 

With some of these substances hints of activity appeared when they were tested 
against a less virulent virus in the sense already explained, but little or none when 
the virus was highly virulent. The activity of mepacrine stood out under all 
conditions. With the three pairs of compounds Nos. 15-20 any hint of activity 
present was in the member of the pair not accumulating in the tissues. Daily 
titrations of the blood in animals treated with pentamidine and stilbamidine disclosed 
no effect of these drugs on the growth of virus. Since Table V was compiled we 
have examined two more substances for activity with equally unencouraging results. 
One was the antimalarial drug “‘ Nivaquine A” (Société des usines chimiques 
Rhone-Poulenc), the other ‘* Vasoflavine”’ which Moses, Emery, and Schlegel 
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(1951) found more effective than thioflavine S for staining vascular endothelium. 
** Vasoflavine”’ is less toxic than thioflavine and can be given in approximately 
three times the dose, but whether given at this dose or at the same dose as thioflavine 
it has no greater activity in equine encephalomyelitis. 

We examined the macromolecular substances collected in Table VI partly with 
the idea of persistence after a single dose, partly because some possessed properties 
(e.g., acidity) which at the time seemed to us of possible importance, and partly 
to test a hypothesis concerning the mode of action of these substances—a hypothesis 
which we shall mention in the discussion. Nos. 21-34 were polysaccharides and 
Nos. 35-42 synthetic polymers; Hurst and Stacey (1950) studied the influence of 


TABLE VI 
EFFECT OF VARIOUS MACROMOLECULES ON EQUINE ENCEPHALOMYELITIS IN MICE 


To faci‘itate distribution all these compounds (except mepacrine) were given intravenously under conditions 
similar to those in Table V 





Mortalities in groups of 30 mice 














Dose in Fre- 
No Compound . - 
mg /I8g- | quency (i) (ii) (iii) (iv) (v) (vi) 
— | Water uP ws on | weee) Once or | 
b.i.d. 28 (5.7) | 28(6.6)) 28 (4.8) | 30(4.6)| 19(6.3) | 24(6.8) 
— Mepacrine aie .. | 2for3 days | 
| 1 for 8-11 
days b id. 0 1(9.5) 5(8.3) 3(9.3)| O — 
21 | Dextran* .. : ++ | 12.5 Once 13 (5.3) — 25(5.2) | 25¢5.3)) — — 
22 | Dextran sulphate -- | 2s Once 18 (6.4) — 20 (5.2) —_ — — 
23 Pneumococcus Type II 
polysaccharide a Once 22 (4.5) — —- == —- —_— 
24 Pneumococcus Type V ; 
polysaccharide = 50 | Once 14(6.2) | 22(7.1) — — a — 
25 Tragacanth - = 0.05 | bid. = 20(5.3) —- — _- — 
26 | ‘** Methocel’”’ (cellulose | 
methyl ether) eh 5 | Once — — — 25 (4.8); 13 (7.6) | 17(6.8) 
27 ** Solvitose ” (starch methyl! | | 
| ether) . 25 Once — — — — 24 (6.0) —— 
28 | Sodium carboxymethyl 
ether of starch, ratio 
: oe -.. oe ook a | Once | 28 (5.3) _ — _ —- | - 
29 ditto, ratio 1:11.8 ..| 2 | Once —- — 26 (4.8) — — ; o— 
30 | ditto, ratio 1: 2.2 — a | Once 24 (5.1) _— — — — —_ 
31 Sodium carboxymethyl 
ether of amylopectin, | } 
ratio 1: 1.0 10 Once | — — 24 (4.9) — — } oo 
32 | Sodium carboxymethyl | 
| ether of cellulose ; 1 | Once 28 (5.3) — — — — | — 
33 | Sodium carboxymethyl 
ether of ee. ratio | } | 
i-i.2 10 Once — — 29 (4.9) — — -— 
34 Oxycellulose ts 4 Once — 24 (6.2) — _ _— 
35 | Polyvinyl alcohol, medium pe Once 24(5.2) | 14(5.1) — + -- 24 (6.8) 
viscosity 1 25 bid. 19(5.8) | — a —- _ — 
1 bid. — 23 (5.4) — -- — — 
36 Polyvinyl sulphuric ester* 5 Once — 18 (7.2); 18(5.4) 7 (8.4) -- 
| 0.5 b.i d. — 20 (6.5); 22 (13.0) a 15 (10.2) 
37 | Polyvinyl pyrrolidone 50 Once _ — 28 (5.3) — — 22 (7.4) 
H 20 bid. — — 28 (5.9) — _- — 
38 Ammonium polymethacry- 0.5 Once -- 16(9.3), 14(5.7) | 27(4.7) — 12 (8.0) 
late 0.05 bid. — 22 (7.7)! 26(4.6) | 28(4.1) _ — 
39 Sodium polymethacrylate 2.5 Once , 24(5.2) — 22 (6.1) | 23(5.4) — 10 (8.2) 
0.1 b.id. | 23(5.0) = 27 (4.5) _ —_ — 
40 Polyglyceryl methacrylate 10 Once | 21 (14.3) — 29 (4.7) -- — | 26(7.5) 
| 7 bid. 22 (8.6) — — — — oe 
| 5 b.id. | 28(5.3) — — — _ — 
41 | Acrylamide - methacrylic | 
acid interpolymer ae 5 Once = 21 (7.7) — — — a= 
42 | Polyethylene po'yamine .. F Once — 23 (5.8) _ oo — — 
0.5 bid. — 24(5.7) — — 
43 India ink (Windsor and | 
Newton) 1: 10 0.1 (ce c.) bid. 26 (7.1) | 24(8.3)| — _— — — 
44 Pure carbon (DarcoG 60), | | 
2 per cent i 0.2 (c.c.) b.id. — — 23 (5.8) | — 10(6.5) | 12 (8.0) 





*In single tests against louping-ill these compounds increased the mean period of survival but not the number of 
survivors. 
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many of these substances on haemagglutination due to influenza viruses or to 
Nitroakridin 3582 and outlined the method of preparation of a number of them. 
Kaplan, Coons, and Deane (1950) have demonstrated the remarkable persistence 
in the body of pneumococcal polysaccharide, and, of course, others of these com- 
pounds are known to persist for various times after injection. 

Once again, administration of some of these substances appeared to protect a 
proportion of mice against encephalitis due to a virus of lower virulence, and on 
the whole the effects were perhaps less completely swamped by a more “ virulent ” 
virus than were those in Table V. Sometimes, as with India ink, development of 
encephalitis was not so much prevented as materially delayed. Several of the 
apparently active substances did not carry a strong electrical charge, and even pure 
carbon seemed to show an effect. In experiments not listed in the Table, there 
was some suggestion that a preparation of carbon containing particles mainly 
between 0.1 and 0.3 » in diameter was more effective than one in which they were 
only 0.05 to 0.1 u, but we did not have sufficient to confirm this. We could detect 
no constant difference between four dextrans ranging from 43,000 to 400,000 in 
molecular weight, or three polyvinyl alcohols of widely different viscosity. No 
substance consistently showed an effect anything like comparable with that of 
mepacrine. 

Whenever in these experiments we obtained an appreciable difference in the 
death rate between treated and untreated mice we tested survivors for immunity. 
The percentage succumbing to re-injection of virus was always about the same as 
in surviving controls or among the survivors of ineffective treatments. In other 
words we received no suggestion that the growth of virus had been wholly prevented, 
as it may be by mepacrine. Nevertheless, it seemed of interest to follow the daily 
titres of virus in the blood of animals treated with some of these compounds, in 
the hope of shedding light on their mode of action. Some studies in this direction 
are outlined in Table VII, from which it would seem that the substances in question 


TABLE VII 


DAILY TITRES OF EQUINE ENCEPHALOMYELITIS OR LOUPING-ILL VIRUS IN THE BLOOD OR BRAINS OF MICE TREATED 
WITH VARIOUS MACROMOLECULES 


For experimental details see Table III 





Days after infection | Mortality in 




















| 
Virus and route | duplicate 
of inoculation Treatment . a poate of 
1 2 3 3 | 5 | 3C mice 
| 
Equine encephalo- | None | 0.7 7 | 24 03 | — | 16(5.7) 
myelitis 10~5-5i.m.| Dextran 12.5 mg. i.v. 48 and 24 hr. | 
| _ before virus and 24 hr. after | Tr. | 0.8 0.4 14); — | 136.7) 
Dextran sulphate as preceding | Tr. 0.7 a3 16 |; — | — 
| 
Equine encephalo- | None | o4 | 30 | 21 | — — |} - 
myelitis 10-5 i.m. | Polyvinyl sulphuric ester 5 mg. i.v. | 
24 hr. before virus | Fen. N.V. 3.7 — —— — 
Equine encephalo- | None | 21 | 33 | 04 | Tr _— 29 (5.1) 
myelitis 10-4°5i.m.| Carbon, 2 per cent, 0.2 c.c. i.v. b.i.d. 
beginning 3 days before virus | 0.4 23 | 2&2 09 | — 24 (6.6) 
, Sodium polymethacrylate 2.5 mg. | 
i.v. 24 hr. before virus NV. | 2.1 | 14 | 0.6 ; o— 13 (6.5) 
Louping-ill 10-35| None | O1 | 08 04 | 04 | Tr. 26 (11.7) 
i.m. Polyvinyl sulphuric ester as above | N.V. | 0.4 | 0.4 | 14 | 0.4 26 (12.9) 
10-5 i.m. | None | Tr. | Of | 09 | 08 | — | 18(130) 
| Polyvinyl sulphuric ester as above | N.V. N.V. | Tr. | Te .| — | 5H 
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have the common property of delaying the rise in titre in the blood stream, while 
usually allowing it ultimately to attain a level comparable with that in untreated 
animals. This delay is often associated with some lowering of mortality. 


Examination of a number of acridines and other substances more or less closely related 
structurally to mepacrine 

Thus far it seemed that, while hints of activity against equine encephalomyelitis 
had been encountered among a great variety of chemical compounds, nothing 
nearly as effective as mepacrine had emerged from a study of many substances 
which on a variety of grounds had been regarded as possible competitors. Of the 
antimalarial drugs tested, chloroquin and pamaquin both contain the same basic 
side-chain as mepacrine, attached in different positions to a quinoline, instead of 
an acridine nucleus. The poor showing of these drugs focused attention upon 
the acridine nucleus, and we tested a number of acridines and one structurally 
rather similar compound. Some of these compounds were chosen on the basis 
of their activity or otherwise in antibacterial tests (Albert, 1951). They included 
acridine, acridone, aminacrine, proflavine, and acriflavine, while 8-hydroxyquinoline 
served as a conveniently available substitute for 1l-hydroxyacridine. Acridine 
orange (C.I. 792) and safranine T (C.I. 841) happened to be in the laboratory and 
were included. The remainder were synthesized by my colleague, Dr. G. Swain, 
to resemble mepacrine closely except that the substituent group in the 9-position 
differed from compound to compound. They were: 


2-Methoxy-6-chloro-9-methylaminoacridine acetate 
2-Methoxy-6-chloro-9-diethylaminoacridine 
2-Methoxy-6-chloro-9-isopropylaminoacridine acetate 
2-Methoxy-6-chloro-9-n-butylaminoacridine acetate 
£-Diethylaminoethyl-p-(2-methoxy-6-chloro-9-acridylamino)benzoate 
dihydrochloride 

6-Chloro-9-piperidino-2-methoxyacridine. 

None of these substances showed more than hints of activity. 


DISCUSSION 

There have been those who feared that any medicinal interference with the 
progress of a virus disease must almost necessarily involve so much disturbance of 
the metabolic functions of the cells of the host as to poison the treated animal while 
restraining the onslaught of the virus. It is well recognized that often when an 
animal is brought to a poor physiological state its reaction to a virus is much less 
vigorous than usual, and if this poor physiological state is induced by administering 
a drug the difference in reaction is classed as a toxic rather than a true therapeutic 
effect. When, as with mepacrine, the experimenter can, at the cost of at most a 
temporary retardation of growth, protect the great majority of animals which would 
otherwise develop encephalitis, he can hardly be considered unjustified in regarding 
his results as a true therapeutic effect; it may well be that in virus diseases an attempt 
to distinguish sharply between toxic and therapeutic effects is as realistic or as 
unrealistic as the rather analogous attempts to separate “living” from “* dead ” 
which exercised the minds of workers with viruses a generation ago. If these points 
be conceded, it will be permissible for the present purpose to consider others of 
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the effects described in this paper as therapeutic, even though relative to that of 
mepacrine many of them were only slight and by themselves insignificant. 

Therapeutic effects against the smaller viruses are not exactly numerous, and 
faced with a number of apparently similar effects in the course of this work we 
have tried to find some underlying unity among them. We need not dwell upon 
the obvious fact that unity cannot be established on the basis of chemical or physico- 
chemical properties common to the very heterogeneous compounds producing 
the effects. We may say at once that the only unity we have been able to discern 
is that all the substances clearly exhibiting activity are taken up by cells, and especially 
by reticulo-endothelial cells. Mepacrine is known to be concentrated in the spleen 
almost as much as in the liver; several other drugs giving hints of weak activity 
also concentrate in the tissues; trypan red and various macromolecular substances 
are ingested by cells of the reticulo-endothelium, where with suitable techniques 
some of them may be visualized histologically; and so on. There is evidence 
(Hurst, 1936), which need not be summarized here, that the virus of equine encephalo- 
myelitis may grow particularly in cells of the reticulo-endothelial system, which 
perhaps gives point to our present hypothesis that it was by modifying these cells 
that the results in intramuscularly inoculated animals were obtained. 

Whether or not this hypothesis is correct, we can discern no further unity between 
the various observations. Taken into the reticulo-endothelial cells, the macro- 
molecular substances we have examined in detail only delay the appearance of 
virus in high titre in the blood stream; it is as though the cells are at first so pre- 
occupied in storing polymer or carbon that the virus has to wait its turn before they 
can devote attention to its synthesis. If this is so, it is easier to explain the delayed 
onset of encephalitis after injection of India ink than the diminished mortality seen 
with some polymers. Trypan red ingested by the reticulo-endothelial cells does 
not seem markedly to influence growth of virus; in this instance we may, perhaps, 
imagine an additional action along lines suggested earlier in this paper. Mepacrine, 
on the other hand, strongly inhibits growth of equine encephalomyelitis virus so 
that much less is available in the blood stream to invade the nervous system, itself 
also protected by the presence of mepacrine which has passed the blood-brain 
barrier. The behaviour of mepacrine appears to be very narrowly specific, in that 
it is not shared to any extent by fairly closely related acridines or by substances with 
the same side-chain attached to the structurally not very dissimilar quinoline ring. 
How far purely pharmacological properties are responsible for this narrow specificity 
we have not yet had an opportunity to investigate. 

Trypan red and such polymers as we have examined do not influence mortality 
resulting from intracerebral injection cf virus, whereas mepacrine does. We must, 
no doubt, attribute this success to the ease with which mepacrine passes the blood- 
brain barrier, after which it may be expected to exercise the same action in the cells 
of the nervous tissues as in other circumstances it does in those of the reticulo- 
endothelial system. The effect against virus injected intracerebrally is weaker, 
however, than that against virus given intramuscularly, in that it can be obscured 
if too “‘ virulent ” a sample or too large a dose of virus is used for infection; this 
fact is no doubt related to the different concentrations of drug attained in the spleen 
and in the brain, and to the indubitable great “ affinity’ of the virus for nervous 
tissue. ; 
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Although in doses near the largest tolerated mepacrine has a definite effect on 
louping-ill in the mouse, its action on the disease in sheep is disappointing, possibly 
because the dose tolerated by this species is much lower. However this may be, 
the requirements for a drug to be useful in the field against equine encephalomyelitis 
or louping-ill are, as we have explained, highly exacting, and it is quite certain that 
mepacrine does not meet them. Possibly, in the event of another epidemic of 
equine encephalomyelitis in man similar to that in Massachusetts in 1938, large 
and regular twice-daily doses of mepacrine as a prophylactic in those at risk would 
merit trial, but particular notice should be taken of the observation frequently made 
in the course of the present work—that subeffective doses of a compound may lead 
to greater rather than to lower mortality. Apart from this possibility, unless we 
discover a drug with the activity of mepacrine in the mouse, and at the same time 
persisting in the body after a single dose, the outlook is not promising for the 
chemotherapy of diseases, predominantly of animals, in which the first indications 
of sickness are signs of an established encephalomyelitis. 


SUMMARY 


Mepacrine, certain bis-azo dyes, and other substances containing in the molecule 
many sulphonic-acid groups, and some other drugs and macromolecules are able 
in varying degree to protect mice from nervous involvement by equine encephalo- 
myelitis or louping-ill virus given intramuscularly. By far the most active substance 
is mepacrine. The action is always prophylactic; no action is seen when the drugs 
are administered after the nervous infection has become established. The action 
of the weaker agents is obscured by the use of too “ virulent” a virus (as defined 
in the text), but that of mepacrine is seen under all circumstances and, in equine 
encephalomyelitis, against large infecting doses of virus. Other acridines examined 
have not shown activity comparable with that of mepacrine. 

The active substances all appear to have one thing in common—they are taken 
up by cells of the reticulo-endothelial system, which is probably the chief site of 
multiplication outside the nervous system of the viruses under consideration. The 
macromolecular substances merely delay the appearance of virus in high titre in 
the blood stream, and trypan red has comparatively little effect on titre. Mepacrine, 
however, markedly inhibits the growth of equine encephalomyelitis virus and greatly 
reduces the titre in the blood, even though in vitro it does not inactivate virus; 
there is thus less virus available to invade the nervous system. 

Mepacrine also influences the course of events when virus is inoculated intra- 
cerebrally. This effect can no doubt be ascribed to the ease with which the drug 
passes the blood-brain barrier, and to its exercising the same inhibitory action 
within the cells of the central nervous system as it does in the reticulo-endothelium. 
This action is, however, weaker and may be swamped by too “ virulent” a virus 
or too large a dose. 

Possibly because mepacrine is tolerated in smaller doses in the sheep than in 
the mouse, and because louping-ill is less easy to influence than is equine encephalo- 
myelitis, no beneficial effect of mepacrine was noted against the former disease in 
its natural host. 

The exacting requirements for a drug which would be useful in the 
field against the arthropod-borne encephalitides are considered at some length. 
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Experiments with mepacrine do not suggest that it will meet those re- 
quirements. 


It is a pleasure to acknowledge the help of many people in the course of this investigation. 
Professor M. Stacey supplied some of the polysaccharides tested, Dr. Frank Fletcher, 
Medical Research Director of Benger Laboratories, Limited, some dextran fractions of 
various molecular weights, and Dr. Franz Bergel, Messrs. Roche Products, Limited, the 
** Synkavit.”’” Others of the substances tested were supplied or synthesized by our col- 
leagues Dr. A. D. Ainley, Mr. A. F. Fern, Dr. J. M. G. Pryce, Dr. A. Spinks, Dr. G. Swain, 
and Mr. R. W. Tomlinson. We have also profited by advice from and discussion with 
Drs. D. G. Davey, J. Madinaveitia, and F. L. Rose. 
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The previous paper (Hurst, Melvin, and Peters, 1952) described the prophylactic 
effect of mepacrine, various bis-azo dyes, and other substances containing in the 
molecule numerous sulphonic-acid groups, and certain macromolecules against 
encephalitis induced by the viruses of equine encephalomyelitis and louping-ill. 
Of these substances mepacrine was by far the most active. It protected the majority 
of mice which otherwise would have succumbed to encephalitis after intramuscular 
injection of virus; this protection was associated with great reduction in the amount 
of virus circulating in the blood stream in the early, systemic phase of infection. 
The drug also exercised some protective effect when virus was injected intracerebrally. 
Its striking activity was not shared by a number of other acridine derivatives, several 
of which differed only in the nature of the side-chain attached in the 9-position. 
These observations encouraged us to hope for a similar action on other viruses, 
and the present report details our studies on many viruses in several different hosts. 
In addition to mepacrine we included trypan red in many of the tests, as, of course, 
we could not assume that their actions would run parallel over a whole range of 
infections. 

We have already cited the relevant literature concerning trypan red and various 
neurotropic viruses, and mentioned that on the effect of nitroacridines in psittacosis 
and lymphogranuloma. Recently, Eaton, Cheever, and Levenson (1951) have 
investigated the action of two nitroacridines and a closely related chloroacridine 
on several viruses in the chick-embryo or in tissue-culture. The nitroacridines 
markedly inhibited growth of the viruses of meningo-pneumonitis and feline pneu- 
monitis in the allantoic sac, but the chloroacridine produced negligible effects, as 
did also atabrin (mepacrine) given into the yolk-sac. Both types of compound 
slightly inhibited mumps virus, but only the nitro-compound influenza B. In 
tissue-cultures all compounds retarded the growth of the viruses of mumps, influenza 
A, and influenza B. The results with influenza B in eggs confirmed earlier findings 
of Green, Rasmussen, and Smadel (1946) with Nitroakridin 3582, though Hurst 
(1948) and Rasmussen and Stokes (1951) detected no effect of this particular nitro- 
acridine on influenzal infections in mice. Thompson (1947) found that in tissue- 
cultures atabrin, proflavine, and 9-aminoacridine (as well as many other miscellaneous 
substances) reduced or prevented growth of vaccinia virus, while Briody and Stannard 
(1951) reported that proflavine inhibited growth of influenza B and vaccinia viruses 
in developing chick-embryos but exerted no effect on influenza A, mumps, or New- 
castle disease. Effects of acridines on bacteriophages have been noted by Fitzgerald 
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and Lee (1946), Dickenson (1948), Foster (1948), and Smith (1949). On the negative 
side, Coggeshall and Maier (1942) observed no activity of two acridines against 
influenza or poliomyelitis in mice; Krueger et al. (1943) of several acridines against 
influenza in mice; Kramer, Geer, and Szobel (1944) of two acridines (one atabrin) 
against poliomyelitis in mice; Andrewes, King, and van den Ende (1943) of several 
acridines including mepacrine against influenza, lymphogranuloma, or vaccinia in 
mice or rabbits; and Cutting et a/. (1947) against herpes simplex, vaccinia, or 
influenza in mice or chick-embryos. On clinical grounds Duan¢ic (1942) claimed 
activity of atebrin (mepacrine) against mumps, measles, and influenza. 


P EXPERIMENTAL 

Viruses and methods 

We shall not attempt to describe in detail the numerous viruses used in this work. 
The great majority have been closely studied by us for many years; a few have been 
acquired recently from other laboratories and we accepted them without confirmation 
of what they purported to be. The working principles followed are sufficiently defined 
in the companion paper, and we would emphasize only one point concerning the “ viru- 
lence’ of the virus used for test. ‘When weak therapeutic effects are encountered, results 
obtained consistently against a moderately active virus may easily be obscured or brought 
below the level of statistical significance by substituting a virus rendered more highly 
‘“* virulent’ by frequent serial passage. As far as possible we have of late tried to stan- 
dardize the viruses used for infection by employing material taken at the first or second 
passage, depending on the particular virus, from stocks of lyophilized ‘* master” virus. 


Attempts at prophylaxis in mice 

We examined the effect of mepacrine and of trypan red against 18 virus infections 
in mice. Tables I and II, which are largely self-explanatory, record the tests. 
Against the virus of Western equine encephalomyelitis injected by a peripheral route 
(Table 1), mepacrine exerted the same marked effect as against the Eastern virus 
dealt with in the accompanying paper. Against St. Louis encephalitis virus injected 
intracerebrally it seemed to have some action which was very easily obscured by 
too large an infecting dose or too “ virulent’ a virus; a single large dose appeared 
more effective than repeated smaller doses. In the two tests with rabies intra- 
muscularly we used the same sample of virus, on the first occasion as fresh mouse 
brain and on the second as glycerinated material six months old; during the interval 
the cerebral titre of the virus had fallen from 107% to 107%. Whereas on the first 
occasion both treatments were unsuccessful, on the second it seemed that they might 
have shown a slight (but not significant) action. We obtained a similar inconclusive 
hint of activity with neurotropic influenza virus given intracerebrally. Against Rift 
Valley fever mepacrine produced a definite effect, either in merely lengthening the 
mean period of survival or in sparing mortality in addition; from many other 
experiments we can state that the first entry in Table I is not typical of its action, 
as almost always many animals were saved from death provided that the infecting 
dose of virus was not too large. Thus, with an infecting dose of approximately 
1-10 LD100 virus, a single large dose of mepacrine usually reduced mortality to 
between one-third and two-thirds of that among the controls, whereas with 100 
and 1,000 LD100 mortality was unaffected but the treated mice died after consider- 
ably lengthened mean periods of survival. The therapeutic effect against small 
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TABLE I 
EFFECT OF TREATMENT WITH MEPACRINE ON VIRUS DISEASES IN MICE 


Mepacrine was given orally (a) once in a dose of 10 mg./20 g. 24 hours before virus, or 
(b) twice daily in a dose of 2 mg. for the first 3 days and | mg. thereafter, beginning 24 hours 
before infection. The repeated doses continued for 12 days or until two-thirds of the 
controls had died, whichever was the shorter period. The figures in parentheses in this 
and subsequent Tables are the mean periods of survival of fata! cases in days 


























Infecting | Number Deaths 
Virus dilution of M : M : 
nd rout mic | | Mepacrine | Mepacrine 
: ' ” Untreated once | twice daily 
Western equine encephalomyelitis 10°? i.m. 30 23 (6.4) 2 (11.5) 4 (9.6) 
St. Louis encephalitis a r= 10°F i.c. 30 14 (6.9) 9 (5.8) 12 (7.2) 
lO ic. f 30 29(5.1) | 11(5.6) | 26 (5.8) 
10°* i.c. 30 27 (6.0) 10(7.0) | 19(7.4) 
Rabies—virus-fixe - wis 10-' i.m. 30 27 (12.7) | 27(13.5) | 30(12.5) 
10-! i.m. 30 11 (15.2) 8 (14.6) | 6(17.8) 
Rift Valley fever .. os - 10°* ip 30 23 (2.8) 25 (6.6) 24 (5.7) 
10°*5 ip. 30 28 (3.0) 18 (4.4) _ 
10°? i.p. 30 30 (2.2) 19 (4.4) — 
Neurotropic influenza—W 5S. strain 10°? i.c. 20 13 (5.0) 13 (4.8) 10 (5.4) 
10-4 i.c. 20 10 (5.9) 8 (6.3) 7 (6.3) 
TABLE II 


EFFECT OF TREATMENT WITH MEPACRINE OR TRYPAN RED ON LYMPHOCYTIC CHORIOMENINGITIS 
AND HERPES FEBRILIS IN THE MOUSE 


Mepacrine was given as described in Table I]. Trypan red was administered intraperitoneally in a dose of 0.5 mg. twice daily, 

beginning 3 days before virus. Not all animals which developed symptoms died. With lymphocytic choriomeningitis a 

proportion showing at one stage the characteristic convulsive phenomena ultimately recovered. With herpes a few mice 
survived with transient or persistent paralysis of the hind limbs. Each group consisted of 30 mice 





Results in groups of 30 mice 





























Infecting | Untreated Mepacrine once Mepacrine twice daily Trypan red twice daily 
Virus ee — SS — 
and route | _ll— No Ii— | No | ' il— | No | Ili— | No 
| Died recov-| symp-| Died | recov-| symp-| Died recov | symp- Died recov-| symp- 
| ered | toms ered | toms ered toms ered | toms 
Lymphocytic | 10-*i.c. | 25(7.9) | 3 2 1700.2) 7 6 2419.8) | Swen amy 
choriomenin- | 10-‘ic. 20 (8.6) 7 3 11 (10.0) 1 8 24 (10.0) 2 4 28 (7.8) 0 2 
gitis 10-*ic. | 16(12.1) 8 6 8 (13.5) 12 10 24 (10.5) 3 3 —_ —_ — 
Herpes febrilist | 10-Si.m.| 17(7.6) | 3 | 10 ‘ss am ma — | — | 20 2 | 16 
, _ Sf 6(13.8) 6 18 
107 i.m | 14(8.6) | 4 12 — — — — — 3 (12.6)* 2 | 25 
‘ j 6 (9.3) 1 23 
iO *i.m. | 11@:7) | 1 7 _- — -— — — — { 7 (8.3)* 1 | 22 
. } 10 (11.0) l 19 
erie. | 7260) 1 dt Pcs 4 ~ wi Won {i2(10.0)" 1 | 17 
10°! i.m. 21 (8.3) 1 8 14(9.7) | 2 14 12 (9.9) 1 17 19 (9.6) 0; tl 
10-'i.m. | 28 (6.4) 2 0 19 (7.1) 2 9 21 (7.7) 1 8 26 (6.6) 1 3 
107° i.m. | 27 (7.0) 0 3 15 (11.1) 3 12 22 (8.5) 2 6 27 (7.2) I 2 
* American sample of dye. + Testicular virus. 


doses of virus was associated in the majority of animals with marked suppression 
of the pathological changes in the liver. Instead of the massive diffuse necrosis 
characteristic of Rift Valley fever in the mouse, many livers showed only small foci 
of midzonal necrosis which in a few mice were detected only after a careful search. 
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Many surviving animals subsequently did not resist a second dose of virus of around 
1,000 LD100. None of these infections was influenced beneficially by treatment 
with trypan red; in view of the results with Eastern equine encephalomyelitis, 
however, it is possible that Western equine encephalomyelitis might have responded 
had the infecting dose been smaller. 

Table II sets out the results obtained with two other viruses in mice. The virus 
of lymphocytic choriomeningitis injected intracerebrally was affected by a single 
large dose of mepacrine, but not by repeated smaller doses or by trypan red. Once 
more the effect was lost if too “ virulent’ a virus was used for infection. 

We carried out the experiments with herpes febrilis at two stages—four years 
ago when we first began work with trypan red, and again quite recently. The virus 
infecting the earlier batches of animals was derived from rabbit brain which had 
been passed once intratesticularly to render it virulent by the intramuscular route. 
The virus used in recent experiments had been passed repeatedly intratesticularly. 
Against the earlier virus trypan red (both of English and of American origin) exerted 
a definite prophylactic action, whereas with the more recent virus we could detect 
no such effect; against the recent virus, however, the more potent mepacrine showed 
activity. It will be noted that in the earlier experiments more cases of non-fatal 
paralysis occurred. 

In this and the companion paper we have repeatedly ascribed discrepancies in 
the results of treatment on different occasions to variations in the “ virulence ”’ of 
the sample of virus used for infection. Without making the papers inordinately 
long it is not possible to adduce all the evidence we have accumulated in favour 
of this interpretation of the facts. It does seem appropriate, however, to describe 
one observation illustrating the different results of treatment according to the 
‘ virulence ’’ of the infecting virus. The relevant information appears in Table III. 
Herpes virus passed but once intratesticularly possessed a far higher intracerebral 
titre than did that passed repeatedly in the testis. Nevertheless, in therapeutic 
experiments against these viruses injected intramuscularly, the latter proved the 
more refractory to treatment. 

Intraperitoneal infections in groups of 20 or 30 mice with the virus of psittacosis, 
intracerebral and intramuscular infections with Russian spring-summer encephalitis 
or the GD.VII and FA strains of mouse encephalomyelitis virus, and intracerebral 
infections with Murray Valley encephalitis (Anderson et al., 1951), mouse-adapted 
human poliomyelitis, the TO mouse poliomyelitis, mouse-adapted neurovaccinia, or 
the JHM (Bailey et al., 1949) viruses all resisted single or repeated dosage with 
mepacrine. Repeated doses of trypan red appeared to show slight activity against 
psittacosis, but here the results were perhaps suspect since both dye and virus were 
inoculated by the same route; in no other infection did trypan red influence the 
sequence of events unless for the worse. 

In two experiments with grey-/ung virus (Andrewes and Glover, 1945) introduced 
intranasally into groups of 20 mice, single or repeated doses of mepacrine produced 
no beneficial effect; the mean weights of the greatly enlarged lungs of animals 
surviving to the 20th day were the same as in control mice, and the titre of pulmonary 
virus (10°) was the same in all groups. The adverse influence of trypan red was 
evidenced by a very heavy mortality among infected mice treated with twice daily 
doses. 
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TABLE Iii 
EFFECT OF ** VIRULENCE’ OF HERPES VIRUS ON THE RESULTS OF TREATMENT 


The viruses used in this experiment were of the same basic strain. Herpes A was derived 

by one intracerebral and one intratesticular passage from an ampoule of lyophilized virus. 

Herpes B derived in the same manner four years previously had been passed repeatedly 

intratesticularly in the interval. Both viruses were fully neutralized by anti-herpes serum 

prepared with yet another derivative of the lyophilized ** master’ virus. The tests shown 
below were performed simultaneously on groups of 30 mice 


° 











| | Herpes A Herpes B 
| Infecting | Intracerebral titre in mice>10-** | Intracerebral titre in mice 10-?'3* 
Treatment dilution : “ anna 
of virus Paralysed Paralysed 
‘and route Died but ___No_| Died but | _No 
survived | SYMptoms | survived | Symptoms 
None -- | 10°? 5i.m.| 26 G.3) 1 3 , 30 (5.1) | — — 
Mepacrine once | Zi OE.) 4 2 | 26 (6.5) | 2 2 
Mepacrine twice | | | 
daily i 26 (7.9) I 3 30 (6.1) | — — 
Trypan red twic | | 
daily “ | 22 (7.1) 4 4 |30(658)| — _ 
None .. | 104i.m. | 30 (6.5) | — — 30 (5.8) | — | — 
Mepacrine once | | 19 (7.4) , 6 | 5 | 27 (6.6) | 1 | 2 
Trypan red twice | | | 


daily ~| | 28 (5.9) a | 2 | 29 (5.4) | 1 





* The 50 per cent end-points given here and in Table IV are not 50 per cent fatalities, but were derived on the 
principles outlined by Hurst, Peters, and Melvin (195 )) 


The final infection studied in mice was influenza. In four experiments we infected 
groups of 10 mice intranasally with three dilutions of influenza A virus, and treated 
them with twice-daily doses of either mepacrine or trypan red. Neither treatment 
affected either mortality or the score of pulmonary lesions. 

Having thus obtained evidence of the activity of mepacrine against some but 
not most of the viruses tested, it seemed possible that we might enhance the effect 
against the susceptible strains and demonstrate it against others if we could increase 
the amount of drug in the tissues. Accordingly, we dosed mice with | mg. mepacrine 
twice daily for 14 days, after which time they were distinctly yellow in colour. We 
then infected them intracerebrally with lymphocytic choriomeningitis, St. Louis, 
or G.D.VII viruses, or intramuscularly with rabies or G.D.VII viruses, and con- 
tinued treatment. The results were similar to those above. 

We performed two experiments each with the viruses of St. Louis encephalitis, 
lymphocytic choriomeningitis, and Rift Valley fever to determine the optimal time 
of administration of a single oral dose of mepacrine (10 mg./20 g.). With the first 
two the best results were obtained by dosing 24 hours or | hour before virus, but 
appreciable effects, even if usually only in the direction of a lengthened mean period 
of survival, resulted when treatment was applied at 24, 48, or 72 hours after virus. 
At 120 hours after virus there was a distinct tendency to more favourable results 
than at 24-72 hours; possibly at this time a check to viral growth was supplemented 
by developing immunity. With Rift Valley fever marked effects were observed 
from treatment at 48, 24, or 4 hours before virus, with the best result at 24 hours. 
Significant reduction in mortality also occurred with treatment at 4 or 18 hours 

2H 
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after infection in this very rapid developing disease, of which control mice begin 
to die in 48 hours. 

Table IV shows that a therapeutic effect of mepacrine is associated with restricted 
multiplication of virus; although, with viruses injected intracerebrally, this is not 
very marked it is nevertheless reflected in a diminished mortality. 


TABLE IV 
TITRES OF VIRUS IN THE LIVERS OR BRAINS OF MICE TREATED OR UNTREATED WITH MEPACRINE 


Groups of 5 livers (Rift Valley fever) or 4 brains (St. Louis encephalitis or lymphocytic 

choriomeningitis) were pooled and titrated at half-logarithmic intervals intraperitoneally 

or intracerebrally in groups of 6 mice. The log;o dilutions of virus giving 50 per cent 

end-points* are given below as positive quantities. Treatment consisted in a single oral 
dose of 10 mg. mepacrine 24 hours before infection 




















Virus Days after infection | Mortality in 
and route of | Treatment —— —____ — duplicate groups 
inoculation ] 2 3 4 5 6 7 of 30 mice 

Rift Valley fever None 4.0 8.5 _- -— = — — | 29 (2.3) 

10-7 i.p. Mepacrine 2.0 5.5 5.0 50; — — — | 15 (3.5) 

St. Louis ence- | None — 1.7 — oF | ta 7.1 7.1 27 (7.4) 

phalitis 10-*-*i.c.. Mepacrine — 1.3 — 6.1 | 6.6 6.8 4.1 19 (8.8) 
Lymphocytic None — 2.2 — 3.9 a7 | 43 4.1 | 20 (8.2)+6 sick 
choriomeningitis| Mepacrine — 2.8 -- 3.3 2.5 ' 1.9 2.4 15 (9.3)+4 sick 
10-¢ i.c. 

Lymphocytic | None — 3.0 -- 3.9 5.0 5.8 5.3. | 17 (8.7)+12 sick 
choriomeningitis) Mepacrine — 2.2 _ 3.4 | 4.5 4.4 4.6 | 14 (9.4)+6 sick 
10-4 i.c. 





* See footnote Table III. 


Tests in rabbits 


Rabbits were given three oral doses each of 100 mg. mepacrine per kg. and 
thereafter 25 mg./kg. twice daily. After the third dose three were infected intra- 
dermally, together with an equal number of controls, with the virus of infectious 
myxomatosis at a dilution of 10°. The treated animals developed smaller initial 
papules and a less abundant secondary eruption than did the untreated, but they 
all died on the 10th day whereas one control died on each of the 10th, 11th, and 
12th days. 

Six rabbits similarly dosed, together with the same number of controls, received 
intradermally each in three areas | and 10 skin infecting doses of vaccinia virus. 
The ensuing vaccinal reactions were weaker in the treated animals, but none was 
abolished. A similarly weak response may, of course, be obtained in rabbits 
sub-standard from many causes. 

Four rabbits similarly treated, with four controls, were infected intradermally 
with a 10 ‘ dilution of the virus of Aujeszky’s disease. Two treated animals developed 
the characteristic symptoms at the same time as controls and died at the same times. 
The others developed symptoms and died 24 hours after the controls. We have 
observed similarly delayed death in animals poisoned by several substances. 
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Attempts to influence avian tumours 


Twenty chickens around 500 g. in weight received oral doses of mepacrine 
(20 mg./100 g.) for four days before and seven days after a 10* dilution of gly- 
cerinated Rous sarcoma injected into one leg. They showed no difference from 
an equal number of controls in the time of development of tumours or in the number 
of birds developing tumours. A group of 12 chickens treated similarly, but infected 
with Fujinami sarcoma, likewise behaved as did an equal number of controls. 


Other substances examined 


Against Rift Valley fever we examined all the acridines mentioned in the accom- 
panying paper except acriflavine and Safranine T. Most were inactive. Amin- 
acrine, however, in a single test slightly but not significantly reduced mortality, 
while 2-methoxy-6-chloro-9-n-butylaminoacridine acetate and 6-chloro-9-piperidino- 
2-methoxyacridine prolonged the mean period of survival by 50 per cent or more, 
as did also 2: 6-diaminoanthrapyrimidine (Table V of the companion paper) which 
is a compound staining the liver more or less permanently (Hurst, 1952). D 51627 
(Table I of the companion paper) was without appreciable effect. In the test in 
question mepacrine cut mortality by more than half. 


DISCUSSION 


As already mentioned, the literatur: congains several suggestions that among 
the acridines there exist compounds with antiviral properties. Except for some 
nitroacridines, however, which undoubtedly influence the growth of the viruses of 
psittacosis and lymphogranuloma venereum in mice (Eaton, van Allen, and Wiener, 
1947; Hurst, 1948), these suggestions relate to effects obtained on bacteriophage, 
in tissue-cultures, or in developing hens’ eggs. All workers with considerable 
experience in the chemotherapy of diseases caused by the smaller viruses will probably 
agree that effects obtained in vitro or in the egg can rarely be transferred to the hatched 
chick or to the mammalian host. To this statement the acridines generally provide 
no exception; so far as our observations go, of a representative group of 14 acridines 
only one, mepacrine, possesses any considerable activity in the mouse. This activity 
is a specific attribute of mepacrine as a whole molecule; if showing traces of activity, 
the other acridines do not remotely approach mepacrine in efficacy, and the mepa- 
crine side-chain when attached to the quinoline nucleus does not confer upon 
pamaquin or chloroquin the therapeutic properties which mepacrine shows in equine 
encephalomyelitis (see companion paper). If from the work on bacteriophage, etc., 
we conclude that antiviral activity is a characteristic of a number of acridines, we 
must believe that mepacrine possesses the appropriate. pharmacological properties 
to enable this activity to become manifest in the mouse. 

The viruses against which we have clearly demonstrated the activity of mepacrine 
run, in order of magnitude of the effect observed, somewhat as follows: the equine 
encephalomyelitis viruses injected intramuscularly; louping-ill injected intra- 
muscularly, Rift Valley fever intraperitoneally, equine encephalomyelitis intra- 
cerebrally, herpes febrilis intramuscularly; lymphocytic choriomeningitis, St. Louis 
encephalitis, and louping-ill given intracerebrally. Considering, however, the 
fulminating course of Rift Valley fever in the mouse, and the presumptive difficulty 
in influencing it by therapy, we are probably justified in bringing this virus into the 
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Same category as equine encephalomyelitis injected peripherally. The chief sites 
of multiplication of these viruses are: Rift Valley fever—liver; equine encephalo- 
myelitis and louping-ill given intramuscularly—probably reticulo-endothelial system; 
herpes given intramuscularly—muscle and nervous system; equine encephalo- 
myelitis and other viruses given intracerebrally—central nervous system. The tissue- 
concentrations of mepacrine run in the descending order—liver, spleen, brain. 
The effects described in this paper are, no doubt, the resultants of (a) the different 
inherent susceptibilities of the various viruses to mepacrine, (b) the different capacities 
of the viruses for growth in a particular tissue, and (c) what may well be the phar- 
macological property enabling mepacrine to demonstrate the acridine antiviral 
effect in the mouse, its tendency to concentrate in the tissues. 


SUMMARY 


This paper describes chemotherapeutic experiments with mepacrine against 
21 viruses in mice, rabbits, or chickens. Against most viruses the action of trypan 
red was also observed, and against Rift Valley fever of a number of acridines and 
other compounds. 

The following diseases were beneficially affected to some extent by mepacrine 
when treatment was begun before or soon after infection: Western equine encephalo- 
myelitis, Rift Valley fever, herpes febrilis, lymphocytic choriomeningitis, St. Louis 
encephalitis; with the last two we ®btained some evidence of a possible weak 
therapeutic effect of a single large dose of mepacrine given late in the infection. 
The weaker prophylactic effects in respect to lymphocytic choriomeningitis and 
St. Louis encephalitis were easily obscured if too “‘ virulent ’’ a virus were used for 
infection. Doubtfully influenced or not at all were: rabies, influenza (neurotropic 
and otherwise), psittacosis, Russian spring-summer encephalitis, Murray Valley 
encephalitis, vaccinia, and neurovaccinia, poliomyelitis, four mouse encephalomyelitis 
viruses, grey-lung virus, infectious myxomatosis, Aujeszky’s virus, and two avian 
tumour viruses. 

Trypan red reduced mortality in herpes febrilis and doubtfully in psittacosis. 

2-Methoxy-6-chloro-9-n-butylaminoacridine acetate, 6-chloro-9-piperidino-2- 
methoxyacridine, and possibly aminacrine showed slight activity against Rift Valley 
fever, as did also 2: 6-diaminoanthrapyrimidine. 

The unique properties of mepacrine among the acridines are discussed. 
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(Received March 27, 1952) 


In a previous study (Beck, 1951), it was shown that intravenously injected “ true ” 
cholinesterase from bovine erythrocytest (mentioned as red cell enzyme) was without 
perceptible effect upon neuromuscular transmission, but that the enzyme was active 
against intravenously-injected (circulating) acetylcholine. In view of the over- 
whelming evidence for the acetylcholine-cholinesterase system in neuromuscular 
transmission, no attempt was made to explain the negative results by questioning 
the importance of the enzyme. It was concluded that either (1) the injected enzyme 
did not reach the structures in the end plate where cholinesterase normally occurs 
and exerts its hydrolytic action, or (2) that some penetration occurred but that the 
excess of the enzyme at the vital points is normally so high that any increase in 
concentration which may have occurred was too small, relatively to the quantity 
already present, to be pharmacologically detectable. 

The experiments presented here were carried out to throw some light on the 
latter possibility. It was thought that the action of the injected enzyme, if it could 
reach the point essential for its action even in minute quantities, would be easily 
detected if the amount of normal cholinesterase in the end plates had been reduced 
beforehand. 

METHODS 

The methods employed were those described in the first communication (Beck, 1951). 
The activity of the different batches of the cholinesterase obtained from Winthrop-Stearns 
varied from 33-110 per cent of the activity indicated on the vials (determined manometri- 
cally). Doses mentioned in this work are all corrected values; thus if the red cell enzyme 
had only 33 per cent of its stated activity, three times the regular dose was injected to 
obtain a 100 per cent dose value. Doses are expressed in units. One unit of the enzyme 
hydrolyses 8 ug. acetylcholine (base) under conditions described previously. 


RESULTS 
Action of the red cell enzyme on neuromuscular transmission in vivo 


(1) After diisopropylfluorophosphate (DFP).—Male and female rats weighing 
around 300 g. were used. Because of the slow development of the action of intra- 
muscularly injected DFP the substance (1 mg./kg.) was administered 5—6 hours before 





* Supported by a grant in aid of research from the Hiram N. Vineberg Research Fund. 
+t Obtained from Winthrop-Stearns, Inc., Special Division, New York. 
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the beginning of the experiments.* According to Koelle and Gilman (1946), 5 hours 
after this dose the muscle cholinesterase of rats is depressed to 18 per cent of the 
original value and remains at this level for at least a day. Considering the experi- 
ments and calculations of Marnay and Nachmansohn (1938) and the histochemical 
experiments of Koelle (1950), it is assumed that the cholinesterase level at the end 
plate itself, at the moment of the experiment, was at about 18 per cent of the original 
level. The rats exhibited the symptoms described by Koelle and Gilman (1946), 
but generally the muscarinic symptoms prevailed over the nicotinic. At this stage 
the operation was carried out as described previously (Beck, 1951) for the experi- 
ments on the sciatic-gastrocnemius preparation of the rat. Sub- or supra-maximal 
stimuli were applied twice per minute. The intravenous injection of 330—4,000 units 
of the red cell enzyme into these DFP-poisoned rats was without any appreciable 
effect upon the twitch tension developed by the gastrocnemius muscle, nor did the 
enzyme diminish the intoxication symptoms (heavy breathing due to broncho- 
constriction, muscular fasciculation, etc.). In some experiments (the tracing of one 
of these is reproduced in Fig. 1) a further injection of 1 mg. DFP per kg. was given 
intraperitoneally after previous atropinization (see legend of Fig. 1). Presumably the ° 
activity of the end plate cholinesterase was even lower than 18 per cent, though it 
was not diminished to such an extent as to cause failure of the neuromuscular 
transmission. 
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Fic. 1.—Q Rat 255 g. Chloralose. Isometric recording of the gastrocnemius. Submaximal 
stimulation of the sciatic nerve. One stimulus every 30 seconds. The animal was injected 
at 9.35 a.m. with | mg./kg. DFP intramuscularly. The preparation for the experiment began 
at about 2.00 p.m. and was finished at 2.35 p.m. Between 2.35 and 2.45 p.m. 1,000 units of 
red cell enzyme was injected intravenously without producing any visible etfect. At 3.00 p.m. 
0.25 mg./kg. atropine sulphate was injected intravenously followed shortly by a second injection 
of 1 mg./kg. DFP, this time intraperitoneally. Twenty minutgs after the injection of DFP a 
gradual increase of twitch tension developed, which is to be seen in the tracing shown above. 
Shortly before the part shown 330 units of the enzyme was injected without any visible effect. 
The beginning of the part shown began at 3.55 p.m. At A, intravenous injection of 1,400 units 
of the red cell enzyme; at B, intravenous injection of 10 mg./kg. Flaxedil. 


Even at this very low level of cholinesterase activity the injection of the red 
cell enzyme was without any effect, though other drugs were able to exert their usual 
effect as proved by the instantaneous curarizing action of intravenously injected 


* The DFP preparation was a 0.1 per cent solution in peanut oil (Floropryl Merck). 
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Flaxedil* (Tris (triethylaminoethoxy) 1-2-3 benzene), (Bovet, Depierre, and de 
Lestrange, 1947). 

(2) After neostigmine methylsulphate——The method was the same as in the 
previous section, with the exception that no pretreatment of the animal was given 
before the operation. The sciatic nerves of the rats were stimulated twice a minute 
sub- or supra-maximally. Fifty »g. neostigmine methylsulphate per kg. was injected 
intravenously. Once the increase of twitch tension, indicating the diminution of 
cholinesterase activity at the end plate, had developed and had become stabilized, 
different amounts of enzyme (up to 4,000 units) were injected intravenously. The 
lack of change in the contraction height of the muscle is well demonstrated in Fig. 2. 
The injection of Flaxedil on the end of each experiment served as a check upon the 
dependability of the preparation. 
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FiG. 2.—Q Rat 270 g. Chloralose. Isometric recording of the gastrocnemius. Supramaximal 
stimulation of the sciatic nerve. One stimulus every 30 seconds. At A, 50 wg./kg. neostigmine 
methylsulphate intravenously; at B, 1,400 units of cholinesterase injected intravenously ; 
at C, 2 mg./kg. Flaxedil intravenously. 


The action of the red cell enzyme upon neuromuscular transmission in vitro after the 
administration of diisopropylfluorophosphate 


Biilbring’s (1946) preparation was used, modified as in the previous communi- 
cation (Beck, 1951). Five hours before the dissection of the phrenic-diaphragm, the 
rats were intramuscularly injected with | mg./kg. of DFP. The addition of up to 
5,000 units of the red cell enzyme to the isolated preparation suspended in 50 c.c. 
bath fluid was without any observable effect on contraction strength of the muscle. 


DISCUSSION 


The inability of bovine erythrocyte cholinesterase to produce a change in neuro- 
muscular transmission when the cholinesterase activity of the end plate had been 
previously depressed by DFP or neostigmine proves that its failure to produce 
detectable effects in normal preparations was not due to the presence of a physio- 
logical excess of cholinesterase at the end plate. 

It is well known that slight changes in the normal end plate potential are not 
detectable with mechanical registration. However, when cholinesterase activity is 
diminished by certain substances the end plate potential is greatly exaggerated 


* Flaxedil was obtained from Poulenc, Ltd., Montreal. 
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(Eccles, Katz, and Kuffler, 1942), and a single induced stimulus produces a repetitive 
discharge. The increase in muscle tension is due to a tetanus instead of a single 
contraction. Even a very slight diminution of the end plate potential in a poisoned 
muscle would reduce the number of discharges, which in turn would diminish the 
muscle’s contraction strength. If the injected cholinesterase could reach the place 
where acetylcholine is normally hydrolysed, this would be very easily demonstrated. 

The results of these experiments seem to indicate that the failure of the red cell 
enzyme to produce changes in neuromuscular transmission in non-poisoned pre- 
parations is due to its inability to penetrate to those points where acetylcholine is 
destroyed after it has served its physiological function—the transmission of an 
impulse. Karczmar, Koppanyi, and Sheatz (1951) came to similar conclusions 
concerning sympathetic ganglia. However, the original cholinesterase activity of 
the sympathetic ganglia, in their experiments, was so high that minor changes would 
have been hardly detectable by the manometric method. Until it can be proved 
that the enzyme, when applied from the outside, reaches the crucial sites but still 
produces no effects, the importance of the acetylcholine-cholinesterase system in 
neuromuscular transmission cannot be doubted. The above experiments and those of 
Karczmar et al. are not the only proofs that cholinesterases circulating in the blood 
cannot enter the parts where acetylcholine is destroyed. There is, for instance, the 
simple and well-known fact that if DFP is locally applied to the eye the myosis 
and cholinesterase inactivation of iris and ciliary body endures for at least a couple 
of days (DeRoetth, 1951), although the cholinesterase activity of serum, and blood, 
is unaltered. This seems to indicate that tissue cholinesterase is not derived from 


blood cholinesterase but is produced locally, or moves into position from nerve 
fibres. 


SUMMARY 


Purified ‘‘ true’? cholinesterase from bovine erythrocytes is without mechanically 
detectable effect on neuromuscular transmission (rat sciatic-gastrocnemius pre- 
paration in vivo and phrenic-diaphragm in vitro) even if the animals are previously 
poisoned with anticholinesterase drugs. 
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Of the wide range of drugs used in the treatment of amoebiasis, emetine, conessine, 
the iodohydroxyquinolines, the arsenicals, and certain antibiotics are perhaps the best 
known. None is entirely satisfactory when used alone, and treatment is usually by a 
combination of the different types. The lack of any certainly successful course of 
treatment has stimulated several attempts to discover more effective drugs, but the 
chemical modification of known active types has so far failed to produce any significant 
improvement. 

In view of this, and because of the lack of knowledge of the physiology and 
nutritional requirements of E. histolytica, our approach to the problem was necessarily 
empirical. A wide variety of compounds was selected for examination merely on 
account of chemical novelty or activity in other biological spheres. It was hoped that 
the methodical examination of different chemical types might provide leads for more 
detailed study. 


EXPERIMENTAL WORK 


The main screening test used was that involving the experimental amoebic 
infection of young rats (Jones, 1946). Before this test was adequately standardized, 
numerous compounds were screened for amoebicidal action in vitro against a culture 
of E. histolytica containing a mixed unidentified bacterial flora. Tenfold dilutions of 
drug (1: 1,000 to 1: 1,000,000) were tested for their capacity to inhibit the growth of 
E. histolytica in a liquid medium (Jones, 1946) incubated for 48 hours at 37° C. The 
results of the in vitro tests were not in agreement with those of the in vivo tests. Of 
132 compounds examined by both tests, 20 were active in vitro at concentrations of 
1: 100,000 or less, 38 at 1: 10,000—1: 100,000, and the remaining 74 were not active 
at 1: 10,000. In these three groups 30 per cent, 23.7 per cent, and 13.5 per cent 
respectively were active in vivo. Thus it is not possible to select compounds likely to 
be active in vivo on the basis of their activity in vitro. 

Nevertheless, the in vitro test was of value in directing attention to 1l-azanthra- 
quinone (Ref. No. 1916) which showed moderate activity both in vitro and in vivo, 
and on the basis of this observation numerous nitrogenous anthraquinone derivatives 
and similar polycyclic compounds provided by colleagues engaged in dyestuffs 
research were examined. Of these, 6-aminoanthrapyrimidine* (Ref. No. 3074) was 


_# 4-Aminopyrimidino-4’: 5’: 6’-1: 13: 9-anthrone. Anthrapyrimidine is the name commonly 
applied to this compound in the literature, apart from the occasional use of the name 1 : 3-diazaben- 
zanthrone. Other alternatives are given in the Ring Index (No. 2676). . 
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found to be slightly active in vitro and strikingly active over a wide range of doses 
in vivo. 





cO. LN 
co co 
1916 3074 


Because of its low solubility in water, 3074 was administered to rats as a dispersion 
made by ball-milling with a dispersing agent (1 per cent Dispersol OG, I.C.I.). Its 
LDSO after a single oral dose was found to be greater than 1,000 mg./kg., and 
complete therapeutic effect on rats was found at doses down to 30 mg./kg. (given 
twice daily for two days after infection). Unfortunately, an undesirable photodynamic 
effect occurred even after low doses. 

Albino rats dosed orally with 3074 and then exposed to sunlight rapidly developed 
inflammation and oedema in the exposed parts, particularly the ears and snout. If 
exposure was adequate, irreversible damage occurred with necrosis of the ears 
(Jones, in press). The therapeutic use of 3074 appeared to be hazardous, and efforts 
were made to synthesize active compounds in which this toxic effect was reduced or 
eliminated, e.g., by reducing the strong fluorescence shown by 3074 and related 
substances. 

In the past, anthrapyrimidines have been investigated as dyestuffs and published 
information concerning them is confined almost entirely to patent specifications, and 
is generally unsupported by analytical data or other criteria of purity. We have 
therefore included analytical figures at the end of Table III, except for compounds 
not prepared by us, and references to any published descriptions are also given. 

In the Tables I-III the minimal effective therapeutic doses are recorded. Normally 
drugs were administered orally twice daily on the two days succeeding the day of 
infection. With some drugs a fifth dose was given on the third day, and with others 
a single dose only was given on the day after the day of infection. Assessment of 
therapeutic effect was made at necropsy on the fifth day after the day of infection. 


TABLE I 
THE ANTI-AMOEBIC ACTION OF ANTHRAPYRIMIDINE AND ITS AMINO DERIVATIVES IN RATS 
In Tables I-III, ** activity’ is givenas +, +,or—. + =P <0.01; + = P 0.01 to0.20; 


P >0.20. References (a) to (/) and all analyses are given at the end of Table III 





Ref. M. p. Dose 





ble. Compound oC. (mg. /kg.) Activity 
7147 Anthrapyrimidine (0,/) 500 4 

5667 2-Aminoanthrapyrimidine (c,d,i) 1,000 3 oar 
5620 4-Aminoanthrapyrimidine (d,/) 1,000 1 

3074 6-Aminoanthrapyrimidine (a,/) 275 30 4 + 
4867 8-Aminoanthrapyrimidine (c,/) | 1,000 1 


6262 Leuco derivative of 3074 (k) > 300 50x 5 
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THE ANTI-AMOEBIC ACTION OF SUBSTITUTED 6-AMINOANTHRAPYRIMIDINES IN RATS 


TABLE II 

















Ref. . M.p. | Dose Acti- 
No. | Substituent Formula °C. | (mg./kg.) | vity 
2-Substituted 6-aminoanthrapyrimidines | 
6508 | Me (e) | CygHyON; 267 100x 5 - 
| 20x 5 — 
6939 | Et | Cy7Hi30ON 3 237 50x 4 + 
25x 4 + 
6866 | Pr*  - sH, ;ON; 223 50x 4 act 
7320 | OH (a) | Cys5H,sO.N;,0.5H,O - 500 4 + 
100x 4 _ 
6567 NH, (d) | CysHipON, 336 100x 5 + 
6974 | NMe, (d) 174414 N, 271 50x 4 — 
6865 | N<(CH,); | CroH: ON, 245 50x 4 i 
4- and 5-Substituted 6-aminoanthrapyrimidines 
6941 | 4-Br (h) Cc, 5H sON,Br 250 4 , 
7231 | 4-NH, | CisHioONg 283 100 4 = 
7479 4-N Et, Cc, 9H, sON, 230 50x 4 sai 
7133 4-N <(CH,); Cro 18 N, 228 100 4 — 
7446 4-N _ [(C.H s]2>O | Ci9H:,O.N, 250 100x 4 ia 
71 13 | 4- -NH(CH,],N <(CH,); C.;H,;ON;,H,O 146 100x 4 7 
6942 | 4-NH -Me | CoH sONg 250 4 _ 
7282 | 4-SNa | CisHsON;SNa — 100x 4 + 
7226 4-SCH,CO.H Ci 7H,,03N;S,HCI | 273d 100 4 — 
73 1 3 4-S CO,H C..2.H;303N;S 320 100 a — 
. | 
8023 | 4-SC,H,NEt, | Cx:H22ON,S,H,O 128 2s x4 + 
\ 4 _— 
6951 | 5-Me (c) | C,sHON; 2504 _ 
7823 4-OMe | Cc 6H,,O.N3 300d 500 a ne 
7895 5-OMe (J) | C; 6H,,0.N; 310d 500 4 
6-Substituted anthrapyrimidines 
8832 | -NH.NH, (4) | CisHiwONg 215 50x 4 + 
6742 | -NHEt(leuco) (k) | C,7H,,ON; 148 50x 4 2s 
7005 -NHC,H,OH (k) | Ci 7H,;0.N;3 232 50x + = 
10371 (-NH.CH,.CH,.CH.-),. ae ee 5H,O 273 4x 50 = 
7270 | -NHCH,CH,SO,H | C:H..O.N, 294 | 100x4 | + 
5914 | -NHPh (j.k) | C.,H,;0N3 1,000 5 — 
7002 Hg S-c1 | C.,H,,ON;Cl 266 | 250x4 “a 
7886 | -NH -~OH (k) (leuco) | CuH,0.N; 294 | 500x4 = 
7004 | -NH NH, (4) | C,H, ,4ON,,0.5H,O 232 100x 4 -- 
.. * | 
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TABLE JI—continued 
os rn _ aie | ae 1 inte 
e . j -p. I- 
bie. Substituent Formula | ai (mg./kg.) | vity 
6843 |-NH& —S-NH, (Kk) | CoxHisON,,0.5H,O | 286 | 50x4 : 
| | | 
7003 | -NHZ ~~ -S-NHAc | CosHigO.Ny | 276 | 2504 
| | | | 
6852 |-NH@ -S-NEts CosHa:ON, 192 | 1004 + 
| . | 
7232 | -NH. COOH Co2H1,05N, — | 50x4 | 
) | 
| | 
7188 |-NH¢@ -COOH C22H,,05N; | 356-8 | 100x4 | + 
| | | 
7884 -NH-€ —_S-SO,.NH, | CuHisO.N,S | 326 | s00x4 
| | | | 
7647 | -NH-CH,-¢ —_--SO, NH; | CoeH,60;N,S | 264 | 50x4 
6628 | -NH[CH,],NEt, | CoHsON, | 98 | 50x 4 +- 
7997 | -NH[CH,],N<(CHz); (leuco) | CooHagONg 127 50x 4 3 
7998 | -NH[CH.],.N<[C.H,]2>O | CorH29O2.Na 174 | 50x4 a 
6746 -NH[CH,],NEt, C.2H24ON 4,2HBr 220 50x 4 + 
6837 -NH[CH,],;N <(CHg)s | esHeg N, 1 13 25 4 + 
7268 | -NH[CH,],;N<[C,H4]2>O (leuco) | Cs.H:4O.N, | 143 504 + 
7044 | -NHCH,CH= CHNEt, | 22Tloe 4 245 50x 4 . 
7999 | “NHICH,].NEt, | CosHogON,,2HCl, 178 50x4 | + 
0.5H,O 
7046 | -NH[CH,],NBu”, C.7H3,40ON, 84 | 50x 4 | + 
8000 | -NH[CH,],N<(CH,); (leuco) | CosHasON«,H:O 109 | SOx4 | + 
8001 -NH[CH,]4N <[C.H,].>O | Cy3H2sO.N,4 140 50x 4 | +- 
7045. -NHCHMe[CH,],NEt. Co4H2ON, (deli- 50x4 | + 
ques- | 
| cent) 
7648 | -NH[CH,];NEt. CosHzsONy,H2O 832, 93 50x4 | + 
x t 
7649 -NH[CH,] 5N <(CHz)s (leuco) C.5H300N,,H,O 1 1 1-2 | 50x 4 
7650 | -NH[CH2];N<[C,H,].>O CoaHogO.N, | 118 50x4 | 
8002 -NH[CH2]_.N Et, C:5H390N,4,2HCI (deli- 50x 4 | + 
| ques- 
cent) 
8003 | -NH[CH.],N<(CH.); Co¢HaoON, 116-7 | 504 + 
8004 -NH[CH.],.N< [(C.H,],>O C.5H2s02N,4 142 50x 4 + 
7042 | -NHCH,COOEt CisH1503N; 182 | 500x4 + 
7043. | -NHCH.CO,H | Cy7H1,03N; 287d | 504 
7652 | -NHCH,CON <(CH,); | CosHopO.Nq 233-5 | 50x4 
7653 | -NHCH,CON<[C.H,].>O 21H s03Nq | 272 504 
7887 | -NHCH,CONEt, | CorHopO2Nq 203-4 | 1004 
7888 | -NHCH,CONH[CH,];NEt, | Co4H2;O.N3,0.5H,O | 189 50x 4 
} 
| 
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TABLE Ill 
THE ANTI-AMOEBIC ACTION OF MISCELLANEOUS ANTHRAPYRIMIDINE DERIVATIVES IN RATS 





! 
' 








Ref. ; | | Mz.p. Dose Acti- 

a Substituent Formula °C. (mg. /kg.) vity 

5869 | 6-NHAc C,7H;,0.N;3 262 100 4 

5868 6-NHBz (c) C.2H,;3;0.N3 258 1,000 5 . 

6434  2-NH.6-NHBz (c,/,i) Co2H, 4O.N, 298 100 4 

7059 2-N <(CH,),;6-NHBz | C.7H220.N, 258 200 4 . 

7334 | 6-NH,3-(?) methochloride (g) ~CisH»wON;,CIH2O | 242 100 4 + 
50x 4 

7604 | 6-NHPh3-(?) C.2H;g,ON;,C;H,O0,S | 261 250 4 

Metho-p-toluene sulphonate | 
9082 , 6-NH[CH.],N<(CH,); C.4H.7ON,I 262 30 4 
| Methiodide 
6307  6-OH (leuco) (k) ya a li 167 | 250x«5 
7084 2: 7-Bis-dimethylamino-1 : 3: 6: 8-| C.soHigN 244 100 4 


tetraza-9 : 10- benzpyrene 





(a) Bayer, B.P. 5998/1909. (6) I. G. Farbenind., B.P. 296386. (c) Idem, B.P. 385295. (d) Idem,B.P. 401731. 
(e) idem, B.P. 412005. (f) Idem, G.P. 633564. (g) Idem, B.P. 438122. (h) ge B.P. 449537. (i) Battegay, Conr. 
4 quim. pura aplicata, 1937, 4, 337 (Chem. Zentr., 1936, 2, 3299). (j) 1. G. Farbenind., B.P. 461883. (k) Idem, 

B.P. 465040. (/) Idem, B.P. 523892. 


ANALYSES 


Table I.—3074. Found: C, 72.6; H, 3.5; N, 17.2. Calc. for C;;HsON;: C, 72.8; H, 3.6; 
N, 17.0%. 6262. Found: N, 16.85. Calc. for C;;H,,;ON;: N, 16.9%. 


Table [1.—6508. Found: N, 16.0. Calc. for C,gsHi,ON;: N, 16.1%. 6939. Found: N, 15.3. 
C,7H,;ON, requires N, 15.3%. 6866. Found: N, 14.3. C,sH,;ON, requires N, 14.5%. 6940. 
Found: N, 12.0. C..H,;;ON; requires N, 12.45%. 6378. Found: C, 77.1; H, 4.1; N, 13.0. 
Calc. for C.;H,;;0N3;: C, 78.0; H, 4.0; N, 13.0%. 7320. Found: C, 66.1; H, 4.0; N, 15.4. 
Calc. for C,;HsO.N3,0.5H.O: C, 66.1; H, 3.7; N, 15.4%. 6567. Found: C, 68.2; H, 4.0; 
N, 21.1. Calc. for C,sHjoON,g: C, 68.6; H, 3.8; N, 21.4%. 6974. Found: N, 19.3. Calc. for 
Ci7Hi4ONg: N, 19.3%. 6865. Found: C, 73.0; H, 5.45; N, 17.3. CooHisON, requires C, 72.7; 
H, 5.45; N, 17.0%. 7231. Found: N, 20.9. C,;HieON, requires N, 21.4%. 7479. Found: 
N, 17.3. CyoHisON, requires N, 17.6%. 7133. Found: N, 16.6. C.»H,sON, requires N, 17.0%. 
7446. Found: N, 16.8. C,9Hig0.N, requires N, 16.85%. 7113. Found: C, 67.9; H, 6.5; 
N, 17.5. C.3H,;ON;,H,O requires C, 68.1; H, 6.65; N, 17.3%. 7282. Found: N:S::3.3: 1. 
7226. Found: S, 8.4. C,;H,,O3;N,S,HCI requires S, 8.55%. 7313. Found: N, 9.95; S, 6.7. 
C..H,;0,N,S requires N, 10.5; S, 8.0%. 8023. Found: N, 14.3; S, 8.0. C.,;H.ON,S,H,O 
requires N, 14.15; S, 8.1%. 7823. Found: N, 15.05. C,,H,,O.N; requires N, 15.15%. 7895. 
Found: N, 15.6. Calc. for C;sH,,;O.N;: N, 15.15%. 8832. Found: C, 68.3; H, 3.9; N, 20.9. 
Calc. for C;sH:ioON,: C, 68.7; H, 3.9; N, 21.3%. 6742. Found: C, 73.55; H, 5.15; N, 15.8. 
Calc. for C,;H;;ON;: C, 73.6; H, 5.5; N, 15.2%. 7005. Found: C, 68.7; H, 4.9; N, 14.4. 
Calc. for C,7H;302.N;3: C, 68.7; H, 4.5; N, 14.4%. 10371. Found: C, 73.4; H, 5.2; N, 13.95. 
C3¢H2s0.N¢,0.5H,O requires C, 73.8; H, 5.0; N, 14.3%. 7270. Found: C, 56.9; H, 3.6; 
11.5. C,;Hi304N,S requires C, 57.4; H, 3.7; N, 11.8%. 7002. Found: C, 70.2; H, 3.6; 
11.4. C.,,H,2ON;CI requires C, 70.5; H, 3.6; N, 11.7%. 7886. Found: C, 73.5; H, 4.2; 
2.2. Cale. for C.,H,;;0.N3: C, 73.9; H, 4.4; N, 12.3%. 7004. Found: C, 73.1; H, 4.2; 
5.5. Calc. for C,H, sON,,0.5H,O: C, 72.6; H, 4.4; N, 16.1%. 6843. Found: C, 73.1; 
4.4; N, 15.8. Calc. for C,,;H,s,ON,,0.5H,O: C, 72.6; H, 4.4; N, 16.1%. 7003. Found: 
72.8; H, 4.5; N, 13.5. C.s3HigQ.Nq requires C, 72.6; H, 4.5; N, 14.6%. 6852. Found: 
75.8; H, 5.2; N, 14.2. C.sH2ON, requires C, 76.1; H, 5.6; N, 14.2%. 7232. Found: 
11.6. Cs2H;303;N, requires N, 11.45%. 7188. Found: N, 11.7. C..H,;0,N; requires 
11.45%. 7884. Found: C, 62.4, H, 3.8; N, 13.1. C.,;H,sO,N,S requires C, 62.6; H, 3.5; 
13.9%. 7647. Found: C, 63.2; H, 3.8; N, 13.4. CoeH,.03,N,4S requires C, 63.5; H, 3.9; 
13.5%. 6628. Found: Cc. 24 6.0; N, 15.5. C.;HosON, requires C, 72.8; H, 6.4; 
16.2%. 7997. Found: C, 73.0; H, 6.75; N, 15.5. C.sH.s4ON, requires C, 73.3; H, 6.6; 
N, 15.5%. 7998. Found: C, 69.9; H, 5.4; N, 15.3. Cs;HeoO.N,4 requires C, 70.0; H, 5.5; 

os sf 10 5.0; 
6.5; 


ZZZZOOLZZZZ 


ZZZZZ 


. 


: 1 
N, 15.5%. 6746. Found: C, 50. 9; H, 5. 7. CogH,4ON,4,2HBr requires C, 50.5; H, 
N, 10.7%. 6837. Found: C, 74.3: H, 6. N, 15.4. Cs3H2sON, requires C, 74.2; H 


> 
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, 15.1%. 7268. Found: C, 70.1; H, 6.5; N, 15.3. CseH.4O.N, requires C, 70.2; H, 6.4; 

° 14. 9%. 7044. Found: C, 73.2; H, 5.8; N, 15.45. C.sH.2ON, requires C, 73.7; H, 6.2; 
15. 6%. 7999. Found: C, 60.2; H, 6.45; N, 12.0; Cl, 14.8. C.,3;H2¢QON,4,2HCI,0.5H,O 
pret ss C, 60.5; H,6.4; N,12.2; Cl, 15. 5%. 7046. Found: C,74.9; H,8.2; N, 13.3. C.,7H,,ON, 
requires C, 75.1; H,7.9; N, 4 0°%. 8000. Found: C, 70.45; H,7.15; N,14.2. CsgH2sQON,4,H,O 
requires C, 70.9; H, 7.4; 13.8%. 8001. Found: C, 71.5; H, 6.7; N, 14.2. C.3;H.sO.N, 
requires C, 71.15; H, 6.2: N. 14.4%. 7045 (monopicrate). Found: C, 58.2; H, 5.2; N, 15.7. 
C.4H2.gON,4,C.H;0,N; requires C, 58.4; H, 5.1; N, 15.8%. 7648. Found: C, 71.1; H, 8.6; 
N, 14.2. CsgHosONy,H,O requires C, 70.9; H, 7.5; N, oo 7649. Found: C, 71.1; H,7.5; 
N, 13.0. C.5Hse0ON,4,H.O requires C, 71.4; H, 7.7; N, 13.3%. 7650. Found: N, 13.9. 
Cz4H,¢O,N, requires N, 13.9%. 8002 (dipicrate). Found: C,51.5; 8.4.2; N. 1.3. ag hs 
13.5. 


We 


H, 4.4; N, 13.3%. 7604. Foun 
requires C, 68. a: 4.5: WM. §.25: S. 


67.9; H, 4.5; N, 8.1; S, 6.3. CoH, ,ON;,C;H; 
%. 9082. Found: Cc. 55.0; HM, 5.25: M, 106; I. 
C.4H2,ON,l requires C, 55.1; H, 5.35; N, 10.7; I, 24.2%. 6307. Found: Cc. 720; i, 41. 
Calc. for C;;H;pO.N.: C, 72.0; H, 4.0%. 7084. Found: C, 69.8; H, 5.0; N, 24.4. CooHisNe 
requires C, 70.1; H, 5.25; N, 24.6%. 


2C,.H;0-;N; requires C, 51.6; H, ; N, 16.3%. 8003. Found: c 75. 0; H, 7.6; N, 
C.gH3o0ON, requires C, 75.4; H, 7.2; N, 13.5%. 8004. Found: C, 72.0; H, 7.1; N, 13.2. 
C.5H:,0.N,4 requires C, 72.1; H, 6.7; N, 13.5%. 7042. Found: C, 68.1: H, 4.8; N, 11.9. 
C,9H,;;O3;N; requires C, 68.4; H, 4.5; N, 12.6%. 7043. Found: C, 67.1; H, 3.5; N, 13.8. 
C,7H,,03;N; requires C, 66.9; H, 3.6; N, 13.8%. 7652. Found: C, 71.5; H, 5.3; N, 15.1. 
C.2H29O2N,4 requires C, 71.0; H, 5.4; N, 15.0%. 7653. Found: C, 67.4; H, 5.0; N, 14.8. 
C2,H:sO3;N, requires C, 67.4; H, 4.9; N, 15.0%. 7887. Found: C, 71.3; H, 5.3; N, 15.2. 
C.,;H29O.N, requires C, 71.0; H, 5.6; N, 15. 6% 7888. Found: C, 67.5; H, 6.4; N, 16.6. 
C.,H.;O.Ns5, 0.5 HO requires C, 67.6; H, 6.6; N, 16.5%. 

Table II.—5869. Found: C, 70.3; H, 3.8; N, 14.5. ©C,;H,;,0O.N; requires C, 70.6; H, 3.8; 
N, 14.5%. 6434. Found: C, 71.7; H, 4.2; N, 15.3. Calc. for C22H14O2N,: C, 72.1; H, 3.8; 
N, 15.3%. 7059. Found: c. 74.2; H, 4.7; N, 12.9. C.2He2O.N, requires C, 74.7; H, 5.1; 
N, 12.9%. 7334. Found: C, 61.1; H, 4.1; N Ss: 

4: ¢< 
6. 


a 
3. 
5. 
12.8. Calc. for C,sH,;,ON;Cl,H.O: C, 60. 
70 
5 
4. 


The minimal effective therapeutic dose was that dose producing in the group of 
treated rats an average degree of infection significantly lower (P<0.01) than that of 
the control group (Jones, 1946). No appreciable improvement on the parent compound 
(3074) was made. Several compounds were equally effective in rats, but were also 
equally phototoxic. The parent substance (3074) 6-aminoanthrapyrimidine was 
selected for further study. 


Action of 3074 in amoebic dysentery of cats and monkeys 


3074 had no therapeutic effect in three dysenteric cats to which the drug was 
administered rectally in daily doses of 1,000 mg./kg. These cats died of the disease 
3, 7, and 11 days after onset. A therapeutic effect was apparent when the drug was 
given orally (200-500 mg./kg. daily) to three cats. Two of the three were completely 
cured. The third was temporarily cured. It relapsed after 10 days, was cured a second 
time, then died 4 days afterwards. Four of five untreated dysenteric cats died of the 
disease; the fifth suffered dysentery for 21 days and subsequently made a spontaneous 
recovery. 

A naturally infected monkey was treated with 50 mg./kg. of 3074 given orally 
thrice daily for 5 days, without any effect on the cysts. Another naturally infected 
monkey was treated with 6837 (6-y-piperidino-propylaminoanthrapyrimidine). 
After thrice daily dosing with 20 mg./kg. of drug for 5 days, E. histolytica could still 
be detected in the stools. After thrice daily dosing with 50 mg./kg. for the next 
5 days, E. histolytica disappeared, although Entamoeba coli remained. E. histolytica 
reappeared in the stools 14 days after the last dose. 








492 W. R. JONES, J. K. LANDQUIST, and N. SENIOR 


Clinical trial in man 


A clinical trial was carried out by Dr. A. R. D. Adams and Dr. G. T. Stewart. 
Seven patients were treated; six had amoebic dysentery and one was a chronic cyst- 
passer. None of the patients showed any symptomatic response, nor was there even 
a temporary diminution in the numbers of parasites. Large doses were given; the 
maximum amount received by any one patient was 150 mg./kg. No definite toxic 
effects were observed. 


DISCUSSION 


The anti-amoebic action of the anthrapyrimidines appeared to be confined rather 
narrowly to derivatives of 2- or 6-aminoanthrapyrimidine. Activity was readily lost 
by the introduction of substituents. With two exceptions (7282 and 8023, Table IJ), 
6-aminoanthrapyrimidines carrying substituents in the 4- or 5-position or large 
substituents in the 2-position were inactive. Certain substituents are readily removed 
from the 4-position of 6-aminoanthrapyrimidine, e.g., by reduction, and this may 
account for the activity of 7282 and 8023. Acylation or substitution of the amino 
group of 3074 usually reduced activity unless the substituent carried a basic group. 
The 6-aminoalkylaminoanthrapyrimidines (Table II) formed water-soluble hydro- 
chlorides and other salts, and were generally highly active, the nature of the side 
chain having little influence. The anthrapyrimidine nucleus was active both in 
the oxidized and the reduced (leuco) states. The methochloride of 3074 (7334, 
Table III) was water-soluble and fairly active. 

Studies of the metabolism of 3074 in several animal species by one of us (Senior, 
unpublished) showed that the drug was rapidly absorbed and gave measurable 
blood concentrations. The major portion of the drug was metabolized, a con- 
jugated derivative of the leuco form being excreted in the urine. The unchanged 
drug appeared in both urine and faeces. 

Phototoxicity was probably due to the action of light on the drug in the tissues 
of the exposed parts, and thus afforded evidence of absorption. Since no anthra- 
pyrimidine derivative devoid of photodynamic action showed any appreciable 
anti-amoebic action it is probable that the anti-amoebic effect of these compounds 
was also dependent on their absorption into the blood stream. 

It is by no means certain that the therapeutic effect of the drug was due to its 
direct action on E. histolytica. Furthermore, an action on secondary bacterial 
infection could be ruled out, as tests in vitro against B. coli showed the compound 
to have no action. It is more likely that the action was primarily on the host, for 
in experiments carried out in rats a remarkable feature of the action of the drug 
was the manner in which the infection was eradicated. Thus when treatment of 
infected rats was delayed to the fifth morning after infection, and rats so treated 
were examined about six hours later, it was found that the process of tissue repair 
had advanced to an astonishing degree, although amoebae could still be detected 
microscopically in considerable numbers. This suggested that the drug in some 
way assisted in the process of tissue repair, and disappearance of the amoebae 
followed later, not directly as a result of drug action. 

In experimentally infected cats there was some evidence of a similar mode of 
action. Amoebic dysentery of cats is notoriously difficult to cure, and if left untreated 
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is almost invariably fatal. The action of 3074 was possibly an indirect one, for 
although amoebae disappeared slowly from the stools, clinical improvement was 
more prompt. The effect of the drug on one of the cats was striking in this respect. 
Clinical improvement was noticed before parasites disappeared from the stools, 
and although dosing was continued for five days, the amoebae subsequently 
reappeared eight days after the last dose. A single dose of drug was sufficient 
to control the symptoms for a further eleven days, but then the relapse lasted for 
seven days in spite of treatment. Thus at no time during the forty-three days of 
the experiment to the final cure could the animal have been: entirely free from 
amoebae. In spite of this, there were considerable periods when the cat was 
apparently in normal health and passing normally formed stools. 

The rate of metabolism of 3074 appears to be much greater in man than in 
other species, and this may account for the unfavourable result of the clinical trial. 
Although several related compounds, notably 6-y-piperidino-propylaminoanthra- 
pyrimidine (6837), showed equal therapeutic effect in rats and superior pharma- 
cological properties, the activity of 6837 in an infected monkey was not great enough 
to justify hopes of clinical success with these substances. 


SUMMARY 


1. 2- or 6-Aminoanthrapyrimidines and their derivatives were found to have 
therapeutic action when administered to rats experimentally infected with EF. 
histolytica. The therapeutic effect was associated with an undesirable photodynamic 
action. 

2. 6-Aminoanthrapyrimidine (3074) showed a therapeutic effect against experi- 
mental amoebic dysentery in cats, but had no action on the infection in monkeys 
and men. 
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These papers describe an investigation of the antifilarial action of methylene 
violet and its derivatives, which culminated in a clinical trial of methylene violet. 
Unfortunately, no effect was produced against W. bancrofti or A. perstans in man. 
Methylene violet RRA (NN-dimethylphenosafranine) belongs to the phenosafranine 
series, and is the 3-amino-7-dimethylamino-derivative of the basic structure shown 
at the head of Table I. 


I. ANTIFILARIAL ACTION AGAINST Litomosoides carinii 
(by W. A. F. W. and F. H.) 


The compounds of the phenosafranine series are difficult to purify, so that 
figures obtained for their activity are only approximate, whereas those for the 
toxicity may be much increased by the presence of toxic impurities. Accordingly, 
the true toxicity of the different derivatives may be less than those recorded here, 
whereas the activity may be greater or less. 


METHODS 


Tne drugs were obtained from several sources. especially from Professor W. Bradley 
to whom our thanks are due. The antifila’ial action of the compounds was tested in 
cotton rats infected with Litomosoides carinii as described by Sewell and Hawking (1950). 
Briefly, the drug was injected intraperitoneally once daily for six successive days; six days 
after the last dose, the rat was killed and the worms present in the pleural cavities were 
examined to see if they were alive or dead, attention being concentrated mostly on the 
female worms. The microfilariae in the blood were also examined, but no action upon 
them in vivo was detected. The result is expressed as the minimum effective dose (M.E.D.) 
i.e., the dose which cures (i.e., kills most of the worms) in more than three-quarters of the 
rats treated. This expression and that for the maximum tolerated dose have only an 
approximate value, but they are adequate for preliminary screening. The chronic toxicity 
of each compound was estimated by intraperitoneal injections into mice once daily for 
four days. It was reckoncd empirically (on the basis of our previous experience) that 
the maximum dose (mg. per kg.) tolerated by cotton rats for six doses was 40 per cent 
of the dose (mg. per kg.) tolerated by mice for four doses. The result is expressed as the 
maximum tolerated dose (M.T.D.), i.e., the maximum dose tolerated by more than three- 
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quarters of the animals. A study was also made of the antifilarial action of the drugs 
in vitro upon adult worms and upon microfilariae, using the methods described by Hawking, 
Sewell, and Tnurston (1950). The microfilariae were suspended in a mixture of serum 
and Tyrode solution at 37° C. Tney lived well for several days. The adult worms were 
suspended in a similar medium in Carrel flasks at 37° C.; in the absence of drug they 
survived more than three days. 


RESULTS 


The results of these tests are shown in Table I. The various redox-potential 
indicators were studied to see if activity could be correlated with redox-potential. 
The E, (i.e., oxidation-reduction potential) of phenosafranine is —0.252 v. at pH 7.0. 
As shown in the Table, all of them were inactive. Four compounds were tested 
upon adult worms in vitro at 37° C. The minimum concentration lethal in 1-2 days 
of methylene violet, janus green, or C.I. 836 was 5 yg. per c.c., that of janus blue 
was more than 20 wg. per c.c. The phenosafranine compounds act upon the adult 
worms and not to any significant extent upon the microfilariae. Moreover, there 
is no parallelism between the action upon microfilariae in vitro and that upon the 
adult worms in vivo (cf. compounds 840 and 854 in Table 1). At autopsy 6 days 
after the end of treatment the worms were often found bound together with fibrin 
(as happens after treatment with other types of filaricidal drug); they were usually 
stained faintly with the dye, but not more than the adjacent tissues were. 

In addition, compounds of several related series which were examined at an 
earlier stage of this work have been reported by Sewell and Hawking (1950). Thus 
six dyes of the thiazine type were tested, viz. Thionin (Colour Index 920*), methylene 
green (C.I. 924), toluidine blue (C.I. 925), methylene blue, and new methylene blue 
(C.I. 927).. The maximum tolerated dose of these compounds was between 20 and 
100 mg. per kg. Among oxazine dyes tested, brilliant cresyl blue (C.I. 877) and 
nile blue sulphate (C.I. 913) had an M.T.D. of 20 mg. per kg.; three phenazonium 
compounds tested, viz., gallocyanin (C.I. 883), gallamine blue (C.I. 894), and 
resorcin blue (C.I. 908), had an M.T.D. of 50-500 mg. per kg. Among phthalein 
dyes erythrosin (C.I. 773) and the corresponding bromine compound, eosin, were 
tested; the M.T.D. was 100-200 mg. per kg. Acriflavine was also examined; the 
M.T.D. was 4 mg. per kg. None of the above dyes showed antifilarial action in 
vivo. Three of the compounds in Table I, viz., janus green, diethyl safranin, and 
safranin T (C.I. 841), have also been examined by Peters, Bueding, et al. (1949); 
they found no activity in vivo and only a slight activity upon adult worms in vitro. 
Methylene violet was found to be lethal to Litomosoides in vivo by Brown and 
Hussay (1947). 


Relation of activity to structure 


Although the number of compounds examined was too small to allow of general- 
ization, an aryl group attached to a quaternary nitrogen (5) is apparently essential 
for activity, for no action was discovered in the substances lacking this group. 
All the active compounds have a -NMe, or -NHMe group in the 3 or 7 position, 
but too few compounds without this group were examined to say whether this is 


* Reference number in the Colour Index of the Society of Dyers and Colourists (1924), edited 
by F. M. Rowe; published by the Society, Bradford. 
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TABLE I 


THE ANTIFILARIAL ACTION OF VARIOUS DYES in vivo 























Thera- M.E.D. 
Colour Index > eee 
. M.T.D.* | M.E.D. peutic in vitro 
—— | Substituents (mg./kg.) | (mg./kg.) effi- microfilaria 
8 ciency pg./C.c. 
828 7-NHC,H;-8 : 9-benz 50 >50 | O >40 
830 1 : 2-benz-3-(=O) 500 6 >S500 | ClO >40 
832 1 : 2-benz-7-N(CH;)» 20 +| >20 0 2.5 
833 | 1: 2-benz-3-NHC,H;-7-NRz, - 100 =| >100 0 >40 
| where R= CH; or C,H; | 
836 | 1: 2-4’’-NH(p-CH;C,Hs)benz-7- | 1.0 | 05 | 2 2.5 
| N(CH;).-4’-CH; | 
840 | 3: 7-diNH, 10 10 1 1.5 
841 2: 8-diCH,-3: 7-diNH,-IR.R=H| 5.0 5.0 1 
or CH; | 
7 3-NH,-7-NHCH; | 3.0 | 2.0 1 
842 3-NH,-7-N(CHs)» | 3.5 | 0.5 7 2.5 
844 2-CH;-3-NH,-7-N(CH;)» | 5.0 | 5.0 (slight 1 10 
| | action) 
847 3: 7-diN(C,Hs)2 100 =| > 100 0 > 
848 2: 8-diCH,-3-NHCH;-7-NHC.H; 1.0 | 0.5 2 2.5 
T.4 3-NH,-7-NHC,H; 5.0 | 2.0 2 
849 3-NHC,H;-7-N(CH;). 2.0 | 0.35 | 6 20 
850 3-NH(2’-CH;C,H,)-7-N(CH3)o- | 50 | S50 (slight; 1 >40 
1-CHs | action) | 
851 3-NH(4’-CH;C.H,)-7-N(CH;). | 2.0 | 0.35 6 10 
854 3: 9-diN(CHs).-6-CH,-3’ : 4’benz | 2.0 | 0.5 | 4 40 
861 2:3: 7: 8-tetra NHC.Hs | 50 | >50 0 >40 
Rosinduline 1: 2-benz-3-NHC,H; + two sul- | 100 > 100 0 
phonic acid groups 
Janus blue 2: 8-diCH;-3-NH,-7(— 1”’)-N: N- | 100 |100 (some! >1 20 
CioHg. OH(2”) | action) | 
Janus green 3-N(C,H5)2-7-N: N-CgHs. | 2.0 | 0.5 | 4 | 2.5 
N(CHs)2( ) | | | | 
| 





* The M.T.D. (maximum tolerated dose) is the dose for rats calculated from the dose tolerated by mice, as described 


on p. 494, 
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TABLE I[—continued 





Thera- M.E.D. 











Colour Index ; : a 
. | M.T.D.* | M.E.D. peutic in vitro 
oa Substituents | (mg./kg.) | (mg./kg.) | effi- microfilaria 
} ciency peg./c.c. 
10 | 
9 | | 
8 ae i YY | | 
7 WAA | 
6 ; 4 
H 
825 3-N(CH3)2-7-NH2-8-CH; 100 > 100 0 > 160 
827 \ 1 : 2-benz-3-NH,-5-C,H;5-8-CH,; | 10 >10 0 | 10 
838 2: 8-diCH;-3 : 7-diNH,-5-CH, 5.0 >§ 0 > 
FIL 10 5-CH,; 2.0 >>2 0 
ig 
4 | 
SN 
ONa | 
E’o at 
| | pH7.0 
o-Chlorophenol | 2-Cl | 10 | >10 0 | +0.233 
indophenol | 
0-Bromophenol 2-Br | 500 | >50 | 0 | +0.230 
indophenol | 
Thymol indo- | 6-CH(CHs):-3-CH; 100 «6|>100 «| (OO +0.174 
phenol | 
1-Naphthol-2- | 2-SO;Na-5: 6-benz 50 | 50 1 | -+0.123 
sodium sul- | very slight | | 
phonate indo action 
phenol | 
m-Cresol indo- 3-CHs; 20 >20 | 0 | -+0.208 
phenol 
o-Cresol indo- | 2-CH; 50 > 50 0 | +0.191 
phenol 
Guiacol indo- 2: 6-diBr-3’-OCH; 5 >5 | 0 | +0159 
2: 6 dibromo- 
phenol 
Phenol indo- | None 100 > 100 0 + 0.227 
phenol 2” Nn. 3 | 
kf o™% >; | | 
’ 4| 
a\/6' KA | | 
5 6 1 | | 
| | 
Toluylene blue 1-N(CH,).Cl-3’-CH;-4’6’-diNH, 50 50 I | +0.115 
Phenol blue 1=0-4’-N(CHs)2 20 >20 0 | +0.224 
m-Toluylene 2: 6-diNH,-5-CH;-4’-ONa 50 > 50 0 0.125 
diamine indo 
phenol 





* The M.T.D. (maximum tolerated dose) is the dose for rats neous from the dose wtenenet by mice, as described 
on p. 494. 








498 F. HAWKING AND OTHERS 


TABLE I—continued 





Thera- 








Colour Index | ¢ 
, M.T.D.* | M.E.D. peutic 
No. or name Formula , 
of drug (mg. ; kg.) (mg./kg.) } 
Bindschedler’s —y mE + 
een (CH,),N—C Son g _>=N(CH3) 10 +10 6 
Benzyl viologen N  S_7 “NCH, P 
E’,—0.359 | CcHs-CH:N _ ree CH.C,H; 0.5 | >0.5 0 
ANN 
_ i | q | 50 > 50 0 
WWF 


Erioglaucine H,C—N@ » —c-<_Sso, 500 | > 500 0 
| | 


) SO,;— ‘ | 


N 


>2 0 


Gentian violet (CH3)2N—€ S—cC-—¢< YN(CHs)2 


H| 
» 
() 
bl 
+ N(CH,), 





* The M.T.D. (maximum tolerated dose) is the dose for rats calculated from the dose tolerated by mice, as described 
on p. 494. 


significant; certainly not all compounds with this group were active. Besides 842 
(3-NH,) the most potent compounds are Nos. 849 and 851 in which there is a 
3-arylamino group. But this activity is destroyed by inserting methyl groups in 
the ortho-positions on the two benzene rings, possibly because these groups block 
the para-positions which could otherwise be attacked to form quinonoid derivatives. 
Other active compounds are 835, 848, and 854. The inactivity of 844 and 847 is 
remarkable. 

According to Dickens (1936) phenosafranine inhibits the Pasteur reaction in 
tissues, i.e., the oxidation of lactic acid which normally occurs during aerobic 
glycolysis; probably this is due to the blocking of certain enzyme systems. Pheno- 
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safranine also inhibits the breakdown of co-zymase by brain tissue (MclIlwain, 1949). 
A similar action is exerted by various pyridine, acridine, and quinoline derivatives 
which contain a pentavalent nitrogen atom and a conjugated chain terminating 
usually in a basic group, and which are used in photography as photosensitizers and 
desensitizers. It is not known whether the lethal effect upon filariae is produced by 
this or some other means. This type of action seems similar to that of the cyanine 
dyes, studied by Peters, Bueding, et al. (1949) which were active against Litomosoides 
in rats but not against Wuchereria in man; these compounds were very potent in 
inhibiting the oxygen consumption of Litomosoides, but had no effect upon anaerobic 
glycolysis. 


Conclusion 


It was concluded that some compounds in this series possessed chemotherapeutic 
activity against the experimental infection in cotton rats in a sufficiently high degree 
to warrant a clinical trial against human filariasis. One of them, viz., methylene 
violet (842), was accordingly studied in more detail. 


II. PHARMACOLOGY OF METHYLENE VIOLET 
(by W. E. O., J. P. T., W. A. F. W., and F. H.) 


The work described in the previous section had shown that the most promising 
members of the series were compounds 849, 851, and 842 (methylene violet). The 
only one for which a large and relatively pure sample could be obtained was methy- 
lene violet. Accordingly, this was chosen for more detailed study leading up to 
a Clinical trial which would indicate whether this type of compound acted against 
Wuchereria bancrofti in man as well as agzinst Litomosoides in cotton rats. 


Specimens 


Most of the specimens of the phenosafranine dyes are really mixtures of the nominal 
compound with various other derivatives, so that a knowledge of the composition of the 
specimens under study is of fundamental importance. The following specimens of 
methylene violet were studied: 


A.—A sample supplied by Gurr Ltd., as a biological stain. This was impure and it 
was not used after the initial results had been obtained. 


B.—A small pure sample, kindly provided by Professor Bradley, which was valuable 
as a standard of reference but was too scanty for clinical work. 


C.—A sample of about 500 g. supplied by Farbwerke Hoechst which was fairly pure 
and which was used for most of the present work. 


D.—A sample of 200 g. supplied by Allied Chemical and Dye Corporation, New York, 
without knowing that it might be required for biological use; they stated that it contained 
lead, arsenic, and other heavy metals in significant amounts. 


E.—A sample from the same Corporation, which had been purified for clinical trial. 
Its apparent toxicity in mice was about the same as that of sample C, and it was slightly 
less toxic than C in rabbits. It was received near the end of this work, too late for use 
in West Africa. 
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Chromatographic analysis of sample C revealed two main fractions F and G (totalling 
about 87%) which were violet and eluted with alcohol; a subsidiary fraction H (about 
5.8%) red, eluted with chloroform; a second subsidiary fraction blue, eluted with acetone ; 
and several other bands of negligible amounts. Somewhat similar fractions were demon- 
strated in samples A and D. 


F.—This was pure methylene violet with a maximum light absorption band at 250- 
255 mp; it cured two infected cotton rats with doses of 0.3 mg. per kg. 


G.—This had a maximum absorption band at 235-240 my. It was apparently produced 
by oxidation of methylene violet under catalysis by the alumina of the chromatographic 
column; it could also be prepared by the action of chromic oxide on methylene violet 
dissolved in glacial acetic acid at 100° C. It was less soluble in moist butanol than methy- 
lene violet and sparingly soluble in dry butanol. It could easily be separated from methylene 
violet by adsorption of the two substances on to activated charcoal; methylene violet could 
be eluted with ethanol, but the oxidized form was completely retained. Probably it is a 
compound of the safraninone type with a carbonyl oxygen in position 3’. It shows the 
general properties described for other members of this group by Jaubert (1895), but no 
detailed characterization was performed, since it showed no activity against cotton rat 
filariasis in a dose of 5.0 mg. per kg. (2 rats). This derivative also appears in the urine 
of animals treated with methylene violet. 


Chemical analyses of two of these samples (Weiler and Strauss) showed the following. 
percentage composition. 
Sample C—C, 63.36; H, 5.72; Cl, 13.9; N, 14.8. Total 97.78% 
Sample D—C, 58.78; H, 5.55; Cl, 15.2; N, 13.2. Total 94.67% 
C,,.H. >N,Cl requires C, 68.4; H, 5.7; Cl, 10.0; N, 15.9. Total 100% 
Tests for zinc were negative. The solubility in water at room temperature (20° C) 
of sample C, after grinding, was approximately 5 mg. per ml. The pH of a 1: 1,000 solution 
in water was 4.55 (sample B) or 4.65 (sample C). 


The therapeutic potencies and toxicities of the first four specimens are given in Table II. 


TABLE II 





l 
Specimen M.T.D. (mg./kg.) | M.E.D. (mg./kg.) | Therapeutic index 





10 (infected rats) 2: 7 

5 (clean rats) 0. 17-25 
0. 10 
1. 5 


3.5 (infected rats) 
5 
5 


OQ w> 
COW NO 





The M.T.D. is the maximum dose tolerated by three-quarters of the animals; it was 
determined on cotton rats, which were inoculated intraperitoneally daily for 6 days; 
infected rats tolerate less than clean rats. The M.E.D. is the minimum dose effective in 
killing the worms in three-quarters of the animals. The numbers of rats used for each 
dose was small (2-4 for each specimen) so that the results are suggestive rather than 
conclusive. According to these results, the toxicity varied a moderate amount, but the 
therapeutic efficiency varied greatly. 

Sample B had the best therapeutic index (?17), but sample C was also fairly high (10). 
When given by mouth 20 mg. per kg. of methylene violet (sample A) had little antifilarial 
action. In order to test the action on immature worms, four rats were treated with 3 mg. 
per kg. of sample C 20-26 days after exposure to infected mites; two rats out of four 
developed microfilariae in the blood while four out of five control untreated rats became 
infected; apparently action on immature worms was less effective than on mature ones, 
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The bactericidal power of methylene violet (kindly tested by Dr. A. T. Fuller) as indi- 
cated by the concentrations required to kill organisms in broth overnight at 37° C. was 
as follows: Haemolytic streptococcus (Richards) 0.5 mg. per 100 c.c., Staph. aureus 2 mg.; 
and E. coli 50 mg. 


Toxicity of methylene violet 


Mice.—When given intravenously as a single dose the LD50 of sample D was 
21 mg. per kg. When given intraperitoneally daily for 4 days, the LDSO was 
11.5 mg. per kg. for sample C and 9 mg. for sample D. 

Cotton rats (uninfected)—When given intraperitoneally daily for 6 days the 
maximum tolerated dose of samples A, B, C, and D was between 5-10 mg. per kg. 
(Table Il). When given by mouth, the maximum tolerated dose was about 150 mg. 
per kg. for sample B. 

Rabbits.—The toxicity is shown in Table III. Briefly, most but not all rabbits 
tolerated 10 successive intravenous doses of 5 or 10 mg. per kg. of sample C 


TABLE III 


TOXICITY OF METHYLENE VIOLET FOR RABBITS, GIVEN IN 10 SUCCESSIVE DAILY DOSES, UNLESS 
OTHERWISE STATED 




















Sample C Sample D 
Dose | 
seaitiatd | Me. Cone Remarks | nie. Game | Remarks 
| No. treated | —_ | No. treated | aes 
( 
| Intravenous administration | 
y Be 0/4 | 2 lost weight | 0/2 | Both lost weight slightly 
5 2/5 | 2 died after 7 and 11 doses | 2/2 | 2 deaths after 2 and 4 doses 
| 2 lost weight | | 
10 | 1/5 1 died after 6 doses | 1/1 After 1 dose 
| 3 lost weight 
20 | 3/3 Deaths after 1, 2, and 10 , 1/1 After 2 doses 
doses | 
25 | 1/1 One dose 
30 0/1 One dose 
50 | 1/1 One dose | 
Oral administration 
20 0/2 11 and 13 doses | 0/1 4 doses 
30 0/2 8 doses 0/1 9 doses 
40 0/1 8 doses 0/1 8 doses 
80 0/2 2 and 4 doses 0/1 3 doses 
100 0/4 | 2 doses 0/2 2 doses 
150 1/2 1 death after 4 doses 0/1 | 1 dose 


1 tolerated 1 dose | 





By mouth, four rabbits tolerated two daily doses of 100 mg./kg. of sample C and 
one rabbit tolerated a single dose of 150 mg./kg. A rabbit which was given repeated 
daily doses of 150 mg./kg. died after the fourth dose. Probably little of the drug 
was absorbed from the alimentary canal. Sample D was a little more toxic, the 
maximum tolerated intravenous dose being 2.5 mg. per kg. Rabbits which died 
after an acutely fatal intravenous dose died in convulsions about 15 minutes later. 
The symptoms of chronic toxicity consisted of general malaise, loss of weight, poor 
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condition of the fur, and anorexia. Shortly before death there were tremors, con- 
vulsions, and (in one case) paralysis of the hind legs. Histological changes are 


described below. 
TABLE IV 


THE TOXICITY OF METHYLENE VIOLET FOR MONKEYS 





























Monkey Dosage Remarks 
| SAMPLE C 
By mouth | 
199 x ay 10 mg./kg. x 2 | Insignificant loss in weight 
20 mg./kg. X 5 >days 
| 30 mg./kg. 2 
203 (previous sample | 
ok} ved 10 mg./kg. X 15 in 21 days | No loss of weight 
a0 .. a oa 10 mg. x 1) Monkey had diarrhoea (which may not 
20 mg. X 3 >in 8 days have been due to drug). Lost weight 
40 mg. X 2 f and died 3 days after last dose 
| Intraverously 
206 .. me Ss 2.5 mg. X 15 in 19 days _ No symptoms, no loss of weight 
207 .. Pe ne: 2.5 mg. X 15 in 19 days Gained weight 
199 (previously dosed 5 mg./kg. 3 in 3 days Monkey became very depressed and was 
by mouth) killed when moribund 6 days later 
198 .. - ‘i 5 mg. X 41: Died 2 days after last dose with few 
10 mg. x 4 in 9 days | symptoms 
| 
SamMPLe D 
Intravenously | 
203 af wa 5 mg./kg. 3 in 3 days | Monkey became very violet and de- 
| pressed. Lost weight 6.15.3 kg. 
| Recovered 





Monkeys.—The effects are shown in Table IV. It was concluded that sample C 
was well tolerated in intravenous doses of 2.5 mg. per kg. but probably not in doses 
of 5 mg. per kg. When given orally a dose of 30 mg. per kg. was tolerated. The 
symptoms of toxic action included vomiting, loss of weight, general depression 
and loss of appetite. The skin of most of these monkeys became stained violet, 
but recovered its natural colour in 1-2 weeks after the drug was stopped. In one 
monkey (198) there was subcutaneous haemorrhage at a site of old tattooing. 
Albuminuria and the passage of casts indicated damage to the kidneys. There 
were no significant changes in the numbers of the cells in the blood. 

Examination post mortem of monkeys and rabbits dying from methylene violet 
showed the skin and subcutaneous tissue to be stained mauve; in animals 
treated by mouth, the lining of the stomach was also mauve. The kidney showed 
the most significant lesions, viz., necrosis and calcification of some of the tubules 
especially of Henle’s loop; the other tubules were not much affected; the glomeruli 
were sometimes swollen or infiltrated by polymorphs. The liver often showed 
fatty degeneration. The bone marrow and other tissues appeared normal. These 
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findings agree with those of Ginzler (1946), who reported that in animals treated 
with safranin 0 (C.I. 841) the chief lesion was damage to the kidney tubules. 


Absorption, distribution, and excretion 


Methods of estimation—Methylene violet was extracted from blood and urine 
by shaking with n-butanol saturated with water; alcohol-water partition for methy- 
lene violet was high and practically all the dye was extracted when the volume of 
butanol was greater than that of the blood or urine. The butanol layer was separated 
by centrifugation and the density of the colour was estimated in a Duboscq colori- 
meter by comparison with a standard concentration of methylene violet in absolute 
n-butyl alcohol. The standard was stable over a period of three months. By this 
relatively crude method, concentrations of the order of | yg./c.c. could be estimated, 
and lower concentrations could be detected. Tissues were ground in a mortar with 
sand and extracted in the same way. Intense colour was found in extracts of faeces 
from animals that had received methylene violet by mouth, but the colour could 
not be matched, since coloured faecal products were also soluble in butanol. Some 
difficulty was found in matching the extracts from urine and organs of monkeys 
that had been dosed with methylene violet for a week or more. These extracts 
contained a yellowish substance, which proved to be the oxidized derivative of 
methylene violet described above as fraction G. 

Absorption.—When given by mouth, much of the dye can be recovered from 
the faeces. A small amount is absorbed in the intestine, since about | per cent or 
less appears in the urine. When given intravenously to rabbits, methylene violet 
rapidly leaves the blood, and 5-10 minutes later it is difficult to demonstrate in 
the plasma. 


Distribution—The distribution of methylene violet in the organs after death 
was investigated in rabbits and monkeys. Table V shows the amount of methylene 
violet extracted from the livers and kidneys of seven rabbits which died within 
two days of the last dose. In three other rabbits which died three days after receiving 
10 daily doses of 10 or 20 mg. per kg. no dye could be found in these organs. In 
monkey 198, which died two days after the last dose of 10 mg. per kg. i.v., the 
concentration (in yg. per g.) in the different organs and the percentage (in parentheses) 


TABLE V 
DISTRIBUTION OF METHYLENE VIOLET IN RABBITS 





Liver Kidney | Total 





Rabbit | Dose schedule | —_ peng | concentration concentration weight, 
ast Gose | ug /g. (% of total) ug./g. (% of total) mg. 
137 | 80-150 mg. by mouth Immediate 70 (80%) 85 (20%) 4.5 
135 20 mg. i.v. once Immediate 56 (48%) 300 (52%) 5.8 
132 | 20 mg. i.v. once I 5 (75%) 3.5 (25%) 0.27 
130 20 mg. i.v. X 2 1/2 89 (70%) 180 (30°%) Le. 
119 5 mg.i.v. Xx 4 1 16 (54% 65 (46%) 2 
120 | Smg.i.v. X 2 2 Trace 19 0.17 
118 | 10 mg. i.v. once 2 | 10 (86°%) 10.6 (14%) 0.6 





Note.—Rabbit 118 showed toxic symptoms of head drop, jerking, retching, and depression for 
24 hours before death. 
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of the total amount recovered (19 mg.) was as follows: liver 37 (30%), kidney 121 
(21%), lungs 8.5 (2.7%), spleen 4 (0.05%), heart 10.4 (2.7%), muscle 3.5 (42%), 
brain 0. In monkey 205, which died three days after the last dose of 40 mg./kg. 
by mouth, and in monkey 206, which died eight days after 2.5 mg. i.v., no appreciable 
amount of dye was found in the organs. According to these results the greatest 
concentration per gramme of tissue was found in the kidney and the next greatest 
in the liver. However, the total amount of drug in the liver was greater than that 
found in the kidney. The concentration in skeletal muscle was low, but the total 
amount was large. The dye is deposited in the kidney more quickly than in the 
liver and is also excreted from it more quickly. Immediately after intravenous 
injection about a quarter of the dose can be recovered from the kidney and liver; 
after three days only a trace or none remains in rabbits. Sheehan (1931) found 
that 20 per cent of the dye injected intravenously was immediately deposited in 
the kidney. In one of our patients a sample of cerebrospinal fluid was withdrawn 
five hours after the eighth dose (1.5 mg. per kg.) of methylene violet; there was no 
trace of dye in the fluid. 

Metabolism.—Some of the methylene violet, which appears in the urine, has 
undergone a metabolic change (probably by oxidation) into a derivative described 
above as fraction G. 

Excretion Once methylene violet has been absorbed into the body the chief 
route of excretion is via the urine. Traces of it appear in the urine of man in less 
than half an hour after intravenous injection. Much of the excreted material con- 
sists of the oxidized derivative, fraction G. If the urine is allowed to stand so that 
bacteria multiply in it (causing reduction) the colour fades; it can be readily restored 
by shaking with air (oxidation). After repeated treatment of monkeys, excretion 
in the urine persists for two to six days. 

When 15 mg. were injected intravenously into a volunteer (F. H.) the excretion 
of dye in the urine followed the course in Fig. 1. Altogether 1.13 mg. was recovered 
from the urine, i.e., about 7 per cent of the dose. In patients treated intravenously 
at Fajara with a total dose of about 500 mg. during 14 days, the amount excreted 
in the urine was 13-30 per cent of the dose (average 20); the concentration in the 
urine was usually less than 10-20 mg. per litre, but once it rose as high as 50 mg.; 


Fic. 1.—The hourly output of 
methylene violet in the 
urine, after the intraven- 
ous injection of 15 mg. 
(indicated by arrow) into 
a volunteer weighing 
82 kg. 
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when administration ceased, measurable amounts continued to appear in the urine 
for at least three days. In a patient treated with 1.5 g. per day (26 mg. per kg.) 
by mouth, the amount excreted in the urine remained small (3-8 mg. per day or 
3 mg. per litre), while the faeces were stained deep purple. The compound is not 
absorbed sufficiently well from the alimentary canal for this method of administration 
to be worth while. 


III. METHYLENE VIOLET AND HUMAN FILARIASIS 
(by F. H.) 


The clinical trial of methylene violet on patients infected with Wuchereria 
bancrofti was carried out at the Medical Research Council Field Research Station, 
Fajara, Gambia, West Africa. The patients who received methylene violet may 
be divided into four groups. 


(a) Patients without microfilariae in the blood.—These were treated, mainly to determine 
the maximum tolerated dose. In the first place a European volunteer (F. H.), weighing 
80 kg., received 75 mg. and 150 mg. respectively of the compound by mouth on two successive 
days. Later he received 3 mg., 7.5 mg., and 15 mg. respectively intravenously on alternate 
days. No ill effects were experienced. Three in-patients were then given daily intravenous 
doses which were gradually increased. Doses of 0.8 mg. per kg. daily were well tolerated, 
but doses of 1.3 mg. per kg. were followed in some cases by mild albuminuria. It was 
concluded provisionally that the maximum tolerated intravenous dose was probably about 
50 mg. daily for an average patient weighing 50-60 kg. 

(b) In-patients.—Five patients were treated with intravenous doses up to 75 mg. per 
day (1.3 mg./kg.) for 12-14 days. One patient with onchocerciasis was also treated (see 
below). 

(c) Out-patients at Village A.—Village A is approximately 60 miles east of Bathurst; 
there is a high incidence of filariasis. Twenty-one persons were treated as out-patients 
with 10-14 daily injections up to 75 mg. per patient, so that the total dose ranged from 
10-23 mg. per kg. (average 12.6 mg. per kg.). 

(d) Out-patients at Village B.—Village B is 11 miles east of Fajara. Nineteen persons 
were treated as out-patients with 9-11 daily intravenous doses up to 55 mg. each, so that 
the total dose ranged from 5.8-10 mg. per kg. (average 7.9 mg. per kg.). All these patients 
contained many microfilariae of W. bancrofti (20 to 1,000 Mf. per 20 cu.mm. of blood) 
and some also contained microfilariae of A. perstans. 


Therapeutic effect—There was no immediate effect upon the microfilarial count 
(and none was expected). The patients at Village A were examined 10 months 
later (16 patients) and those at Village B at 4, 7 (17 patients), and 10 months later 
(16 patients). In only one patient had the blood ceased to contain microfilariae. 
In all the other cases there had been no significant change in the numbers of Mf. 
bancrofti or of Mf. perstans at the later periods of observation. It was concluded 
that the treatment had failed to kill any appreciable number of the adult filarial 
worms of both types present in these patients. 

Treatment of onchocerciasis—One case of onchocerciasis, discovered in an 
African who had come from the Futa Jalo region, was treated. The details are 
as follows: 


Man aged 25 years, weight 55 kg. Small onchocercal nodules on the left hip and 
great trochanter. Skin clips from the left hip near the nodules showed many microfilariae 
of O. volvulus. From January 19 to 30 he was given methylene violet intravenously in 
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daily doses of 25-50 mg., the total dose being 425 mg. in 14 days, i.c., 7.7 mg. per kg. 
The doses had to be restricted because a trac2 of albumin occurred in the urine. On 
February | and March 10 microfilariae were still present in skin clips taken from the left 
hip. On March 13 two small nodules were excised from the left hip. When opened in 
Ringer’s solution and warmed gently to 39° C., one male worm was seen moving actively 
and so was a coil which appeared to be part of a female worm. Both nodules contained 
great numbers of living microfilariae at all stages of development from the early ovum 
to the mature larva, thus indicating the presence of living females with active gestation. 
It was concluded that in this patient the treatment with methylene violet had failed to 
kill the adult worms. 


Toxicity.—In the nine in-patients (groups a and 5) counts were made of the red 
and white cells in the blood, together with differential counts of the leucocytes. 
No significant changes were observed during the course of treatment. The only 
common toxic effect observed was albuminuria. This was present in a few apparently 
healthy Africans even before treatment and its significance was sometimes doubtful. 
In 28 patients (groups a, b, and c) whose urine was examined daily, albuminuria 
occurred in 10, usually after doses of 75 mg. (In these cases the dose was omitted 
or reduced for one or two days and the albuminuria soon subsided.) Usually 
the amount of albumin was small, i.e., a faint cloud on boiling in the presence of 
acid (less than 20 mg. per 100 c.c. when measured in an albuminometer); in only 
one case was there a dense precipitate. The occurrence of albuminuria was the 
limiting factor which prevented higher doses of methylene violet being given. In 
addition, the treatment was probably mildly depressing, but this was difficult to 
prove or evaluate. Retching occurred in one patient 5 minutes after injection. 
With the exception of a curious lesion in the thumb nails, to be described below, 
there were no other toxic effects that were definitely due to the systemic administration 
of the drug. Thus, among all the 49 patients treated, there were complaints of 
pain in abdomen, colic, after the 10th or more doses (2), diarrhoea (2), pain in hip, 
spreading all over the body after 9th dose (1), and papular rash on body, which 
quickly subsided although treatment was continued (1); but these complaints were 
probably due to other intercurrent causes. In a few patients, a small amount of 
drug was injected into the arm outside the vein. This seldom caused more than 
a mild localized inflammation which subsided in 1-2 days. In one man there was 
a firm hard tender swelling of the forearm 2 weeks after the last dose. 

In 3 of the 21 patients treated at Village A there was a curious affection of the 
thumb nails. (These lesions were not seen by the writer, but were reported by 
Dr. I. McGregor, who revisited the village 16 days after the last dose.) One man 
(total dose 12.2 mg./kg.) had complained of pain 7 days after the last dose, but 
there had been no visible lesion; sixteen days after, both thumb nails were floating 
on a bed of pus, a thin purulent discharge came away from the top of the nail, and 
there was tenderness and pain; 33 days after, the condition was the same. A 
second man (total dose 12.2 mg. per kg.) showed a similar picture and there was 
also purple pigmentation at the tip of the thumb beyond the nail margin. In a 
boy (total dose 23.8 mg./kg.) the nails had separated by the 16th day, and the thumbs 
were dry; by the 33rd day the condition was unchanged. Similarly, at Village B, 
3 weeks after the last dose, 10 of the 19 patients were suffering from toxic effects 
on the thumb and finger nails; in 7 it was mild to moderate, and in 3 it was severe. 
Also in | of the 5 in-patients 4 weeks after treatment there was profuse suppuration 
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under all finger nails and | toe nail; this cleared up in a week without the loss of 
any nails. When all these patients were examined 9 months after treatment, the 
finger nails appeared quite normal. 


DISCUSSION 


This work shows that although methylene violet is effective in killing the adult 
worms of Litomosoides in cotton rats it has no significant action upon those of 
Wuchereria bancrofti, Acanthocheilonema perstans, or (probably) Onchocerca volvulus 
in man. The dose given to the patients is comparable to that which was effective 
in cotton rats; moreover chemotherapeutic compounds are usually much more 
active and more toxic, weight for weight, in larger animals or man than in small 
laboratory animals. Consequently, the failure to act is probably due to a difference 
of susceptibility between the human worms and those of cotton rats, and it is unlikely 
that other members of the phenosafranine series (even if more active against Lito- 
mosoides) would be any more effective in man. It does not seem worth while to 
investigate the antifilarial action of this type of compound any further. 

The discovery that a compound acts upon the experimental infection (Litomo- 
soides), but not on the human one ( Wuchereria), although disappointing, is a common 
occurrence in chemotherapeutic research. A close parallelism is given by the 
cyanine compounds, studied by Peters, Bueding, et al. (1949). This discrepancy 
does not indicate that Litomosoides should not be used as a test object, but merely 
that caution must be exercised in drawing conclusions from results obtained with it. 
In particular, any new type of compound which shows significant activity on the 
experimental infection should be given a small preliminary clinical trial as early as 
is possible; it may be inactive in man and waste of labour in further developing the 
series can be avoided, or it may exceptionally prove much more effective than had 
- been expected and the compound is saved from being abandoned as having only 
mediocre activity. 

The toxic action on the finger nails discovered during the clinical trials is inter- 
esting. In practice it would be a serious handicap to the use of these compounds 
(unless it were due only to an impurity). Theoretically it could be postulated that 
methylene violet interferes with some enzyme system responsible for the laying 
down of the nail (cf. Dickens, 1936). 


y SUMMARY 
Section I 


1. Compounds of the phenosafranine series were filaricidal when tested upon 
cotton rats infected with Litomosoides carinii. The compounds killed the adult 
worms, but did not affect the microfilariae in vivo. There was some action upon 
microfilariae in vitro, but this was not parallel with the action upon the adult worms 
in vivo. 

2. The most active compounds of the series were Colour Index No. 842 (methylene 
violet RRA, 3-NH -7-N(CH;),), C.I. No. 849 (3-NHC,.H;-7-N(CH:),), and C.I. 
No. 851 (3-NH(C,H;pCH. )-7-N(CH ) -3’-CH;). Apparently an aryl group attached 
to a quaternary nitrogen atom is essential for this activity. 


Section IT 


3. Methylene violet was examined for toxicity. The LDS50 for mice, when the 
dye was given intraperitoneally daily for 4 days, was 11.5 mg. per kg. In cotton 
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rats the maximum tolerated dose, given intraperitoneally daily for 6 days, was 
5-10 mg. per kg.; given oraliy, it was about 150 mg. per kg. Rabbits usually 
tolerated repeated daily intravenous doses of 5-10 mg. per kg. Monkeys tolerated 
daily intravenous doses of 2.5 mg. per kg. 

4. The symptoms of toxic action in experimental animals consisted of vomiting, 
loss of weight, general depression, violet discoloration of skin, and albuminuria. 
At post-mortem examination the chief lesions were damage to the tubules of the 
kidney and fatty degeneration of the liver. 

5. When given by mouth, methylene violet is poorly absorbed (probably about 
5 per cent is absorbed) and most of the drug is excreted in the faeces. When given 
intravenously it passes rapidly out of the blood into the tissues. The highest 
concentrations occur in the kidney and liver, but the largest absolute amounts 
occur in the skeletal muscles, liver, and kidney. It does not penetrate into the 
cerebrospinal fluid. 

6. Methylene violet, which has been absorbed, is excreted mainly through the 
kidney, about 20 per cent of the dose appearing in the urine. Much of the excreted 
material consists of an oxidized derivative which has no filaricidal activity. 


Section Ill 


7. Methylene violet was administered intravenously to about 50 patients infected 
with filariasis in the Gambia, West Africa. Ten to fourteen daily doses were given, 
ranging up to 75 mg. per patient. The average total dose was 8-12.6 mg. per kg. 

8. These doses were generally well tolerated, the limiting untoward effect being 
the production of albuminuria. However, some of the patients showed a curious 


toxic effect upon the development of the finger nails three weeks after the end of 
treatment. 

9. Methylene violet had no filaricidal action upon the microfilariae or adult 
worms of Wuchereria bancrofti or Acanthocheilonema perstans, as judged by the 
number of microfilariae in the blood nine months after treatment. 

10. One patient with Onchocerca volvulus was treated, but no effect was seen 
upon the microfilariae or adults. . 

11. It is concluded that compounds of the phenosafranine series are unlikely 
to have value for the treatment of human filariasis. 
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